Performance Assessment of Reinforced Concrete Structural Walls for Seismic Loads by Kim, T-W. et al.
CIVIL ENGINEERING STUDIES 
Structural Research Series No. 634 
UILU-ENG-·2004-2005 
ISSN: 0069-4274 
PERFORMANCE ASSESSMENT OF REINFORCED 
CONCRETE STRUCTURAL WALLS FOR SEISMIC LOADS 
By 
Tae-Wan Kim 
and 
Douglas A. Foutch 
James M. LaFave 
James Wilcoski 
A Report on Research 
Department of Civil and Environmental Engineering 
University of Illinois at Urbana-Champaign 
Urbana, Illinois 
May 2004 
PERFORMANCE ASSESSMENT OF REINFORCED 
CONCRETE STRUCTURAL WALLS FOR SEISMIC LOADS 
BY 
Tae-Wan Kim 
and 
Douglas A. Foutch 
James M. LaFave 
James Wilcoski 
A Report on Research 
Department of Civil and Environmental Engineering 
University of Illinois at Urbana-Champaign 
Urbana, Illinois 
May 2004 
ABSTRACT 
New performance evaluation techniques have recently been developed. As part of the SAC 
Joint Venture, FEMA-355F describes a new state-of-the-art method for the performance 
prediction of steel moment-frame buildings excited by earthquake ground motions. That report 
also presents various performance issues and the basis used for performance evaluation. 
The goal of this study is to assess the performance of reinforced concrete shear wall 
buildings designed under current codes and standards of practice and to propose a rational 
procedure for determining the Response Modification Factor, R. The assessment is based on the 
performance based evaluation framework from the SAC project. Various parameters needed to 
be newly derived for RC shear wall buildings because the object of the SAC project was the steel 
moment-frame building. 
The floor plans for prototype buildings were selected, and the buildings were each designed 
for 3-, 9-, and 12-stories. The prototype buildings consist of RC shear walls for lateral load 
resistance and a flat plate floor system for gravity loads. A reliable analytical model for an RC 
shear wall was developed for inelastic dynamic analysis based on tests and analytical results. As 
the basis of performance, the global and local collapses for the prototype buildings have been 
defined. Global collapse was defined as the failure of shear walls or the failure of the columns in 
the flat plate system, as determined by a Damage Index. The median drift demands and 
capacities and the randomness and uncertainty factor for each building height were determined 
for the performance assessment. 
The performance of each building was evaluated by calculating the confidence level. The 
results showed a good performance of RC shear wall buildings designed by current provisions. 
As a result, the buildings were redesigned using higher R-values, and the performance evaluation 
procedure was repeated until the desired confidence level was attained. 
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1 Introduction 
1.1 Background 
F or many years, reinforced concrete (RC) shear walls (also sometimes known as "structural 
walls") have been widely used as lateral load resisting systems for earthquake loading. Past 
earthquakes have shown that shear walls governed by shear perform poorly because brittle-type 
failures with low ductility can occur. In recent years, researchers have studied ways to provide 
ductile behavior of the walls by providing high shear capacity, relative to flexural capacity. Also, 
the new concepts for RC shear wall design are based on a performance-based approach where 
deformation capacity is stressed as opposed to the strength capacity. As a result of these efforts, 
shear walls designed by current codes are controlled by flexure, not shear, and the energy 
dissipated during an earthquake is mostly provided by flexural yielding of longitudinal 
reinforcement in the boundary region. 
In addition to these studies for improving design procedures, new performance evaluation 
techniques have also been developed. As part of the SAC Joint Venture (SAC), FEMA-355F 
(2000) describes a new state-of-the-art method for the performance prediction of steel moment-
frame buildings excited by earthquake ground motions. It is a performance-based procedure that 
utilizes various analytical techniques commonly used in design. The report also presented 
various performance issues and the basis used for performance evaluation. 
Based on the results of previous research, the procedure of performance assessment will be 
applied to reinforced concrete shear wall buildings in this study. For achieving the goal, various 
parameters need to be derived that affect the "demand" and "capacity" of the buildings exposed 
to different hazard levels. 
1.2 Issues for Determining R-Factor 
This section is a summary of a discussion of background issues presented in a paper by 
Foutch and Wi1coski (2004). It is presented below with the consent of the authors. 
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"Prediction of seismic response of a new or existing structure is complex, due not only to the 
large number of factors that need to be considered and the complexity of seismic response, but 
also due to the large inherent uncertainty associated with making these predictions. Clearly the 
characteristics of future earthquakes can only be approximated, leading to very large 
uncertainties in the loads acting on the structure. Structural properties may differ from those 
intended or assumed by the designer, or may change substantially during the earthquake (e.g., 
local fracture of connections). Analysis methods may not accurately capture the actual behavior 
due to simplifications in the analysis procedure (linear vs. nonlinear, for instance) and modeling 
of the structure. Our knowledge of the behavior of structures during earthquakes is not complete 
which introduces other uncertainties. Consequently, seismic performance prediction must 
consider these uncertainties. 
Many of these issues are covered to a greater or lesser extent in current codes through the 
use of load and resistance factors, adjustment of various design parameters following major 
earthquakes, and introduction of new analytical and design procedures as they are developed and 
verified. In responding to the problems observed in steel moment frame buildings after the 
Northridge and other earthquakes, the SAC Joint Venture (Structural Engineers Association of 
California, Applied Technology Council, and Consortium of Universities for Research in 
Earthquake Engineering) steel project attempted to develop a comprehensive understanding of 
the capacity of various moment resisting connections and the demands on these connections. To 
achieve satisfactory building performance through design, or to evaluate an existing building, 
one needs to reconcile expected seismic demands with acceptable performance levels while 
recognizing the randomness and uncertainties involved. 
Seismic design regulations for new buildings in the United States rely on a very simplified 
approach for achieving acceptable performance. This approach uses several coefficients that 
may be used in different combinations to satisfy performance goals and objectives. These are the 
R factors, Cd values, drift limits, and importance (or occupancy) factors. By varying these 
coefficients several of the factors described above may be accounted for in a crude way. One 
problem with the current approach is that there has been no rational or quantifiable way to 
determine these coefficients. This study will focus on the development of a rational procedure 
for determining R factors for RC shear wall buildings. The response modification factor, R, is a 
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seismic coefficient for 'Equivalent Lateral Force Procedure'. The R factor reduces the lateral 
force produced by a design earthquake, which allows structures to yield in a real earthquake. For 
new shear wall buildings, however, the other design coefficients mentioned above could also be 
investigated since it is the combination of them that determines final design. The method will 
account for randomness and uncertainty in the process. Formal performance objectives will be 
defined consistent with the intent of the building codes. Quantifiable performance objectives 
supported by experimental data will be developed and used. 
A great number of researchers have recognized the fact that there are several weaknesses 
with the equivalent lateral force procedure in its current form (ATC, 1995b; Bertero, 1986; 
Bertero and Teran-Gilmore, 1993; Krawinkler and Nassar, 1992; Miranda and Bertero, 1994; 
Nassar and Krawinkler, 1991; Newmark and Hall, 1982; Foutch and Shi, 1998; Cuesta-Garcia 
and Aschheim, 2001). The reality, however, is that this procedure is used for the design of 
almost all buildings in the United States. So, although this procedure might be replaced 
sometime in the distant future, it would be beneficial to develop a rational and consistent 
.. 
procedure for determining R-values. Excellent discussions of the R-factor approach and 
improvements to this procedure may be found in ATC 19 (ATC, 1995a) ATC 34 (ATC, 1995b) 
and more recently Cuesta-Garcia and Aschheim (2001). 
If ductility demand is the desired acceptance criteria, then the most serious deficiency in the 
current procedure is that R should not be constant. It should be a function of the period of the 
building. This has been conclusively shown by several investigators (ATC, 1995b; Bertero, 
1986; Bertero and Teran-Gilmore, 1993; Krawinkler and Nassar, 1992; Miranda and Bertero, 
1994; Nassar and Krawinkler, 1991; Newmark and Hall, 1982; Foutch and Shi, 1998; Cuesta-
Garcia and Aschheim, 2001). 
It should be noted that the goal of the code provisions is not to have the most correct 
expression for R, but rather it is to ensure final building designs that, if followed through in the 
construction stage, will provide buildings that will have a certain level of safety with regard to 
the desired performance level if subjected to the maximum considered ground motion. It should 
be possible to do this using the current code approach which uses R, Cd and no values for each 
building type for all but those buildings having very short periods of vibration. 
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There is a great infrastructure of code provisions built into the current seismic design 
procedures. The idea of the code is to limit the response of any building type to acceptable 
levels. A major building block in these provisions is the R factor. Unfortunately, there is no 
rational method for assigning R factors to a given structural system. As stated in ATC 19 (ATC, 
1995a): 
Despite the profound influence of R on the seismic performance of buildings in the 
United States, no sound technical basis exists for determining the values of R tabulated in 
seismic design codes in the United States. There is an obvious and pressing need to 
develop a rational technical basis for R factors if equivalent lateral force design 
procedures are to be retained for seismic design. " 
1.3 Objectives 
This study is aimed at assessing the performance of reinforced concrete shear wall buildings 
designed under current codes and standards of practice and proposing a rational procedure for 
determining the Response Modification Factor, R. The assessment is based on the performance 
based evaluation framework from the SAC proj ect, which has been accepted and used by a broad 
group of design professionals, researchers, and industry representatives. The framework may 
also apply to determine the R-factor. For these goals, various tasks should be accomplished, and 
they are follows: 
• Decide on the floor plans for the prototype buildings. Complete the design of each 
prototype building for 3-, 9-, and 12-stories 
• Based on tests and analytical results, develop a reliable analytical model for an RC shear 
wall that will be used for inelastic dynamic analysis 
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• Define the global and local collapse for the prototype buildings 
• Determine the median and standard deviation of the drift demand for each building 
• Determine the median drift capacity and its standard deviation for each building 
• Determine the randomness and uncertainty factor for each building height 
• Evaluate the performance of each building by calculating the confidence level 
• Redesign the buildings using different R-values and repeat the cycle until the desired 
confidence level is attained 
1.4 Contents 
This goal of this study is to propose a rational procedure for determining the R-factor based 
on the performance based evaluation framework. The goal is acquired in this order. 
In Chapter 2, several issues on performance assessment are observed. The features of the 
ground motions used for nonlinear time history analysis are described. Performance levels and 
objectives are checked. Incremental dynamic analysis for determining global collapse drift 
capacity is examined. Local and global collapse are defined. 
In Chapter 3, the prototype buildings are designed. Analytical models and test specimens 
for RC shear walls are reviewed. Based on the review, an analytical model is selected and 
confirmed by means of a parametric study. 
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In Chapter 4, the performance evaluation framework is examined as a new approach for 
determining the R-factor. First, the reliability format evaluation procedure is presented. Then, 
randornIJess and uncertainty factors are determined for shear wall buildings. The other 
parameters for performance evaluation are also presented. 
In Chapter 5, the performances of the prototype buildings are investigated. Median drift 
demands and capacities are determined first, and then demand factors and analysis demand 
factors are determined. U sing these values, the confidence levels for the buildings are calculated. 
Finally, several parameters are examined, which are drift capacity limits for shear walls, shear 
reinforcement in the floor slab, and the slip coefficient for shear modeling. 
In Chapter 6, the response modification factor, R, is estimated using the performance based 
evaluation procedure executed in Chapter 4 and Chapter 5. The prototype buildings are 
redesigned to different R-values and the same procedure is repeated until the desired confidence 
level is attained. 
Finally, in Chapter 7, conclusions and recommendations are presented. 
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2 Issues for Performance Assessment 
2.1 Ground Motion 
A downtown Los Angeles site was selected for the location of the prototype buildings. This 
site was used in the SAC project, so using the site would be helpful for comparing the results of 
this study with those of the project. Twenty accelerograms for each hazard level will be used for 
inelastic dynamic analyses for this study. The accelerograms were developed by Somerville et al. 
(1997). The ground motions were generated for a stiff soil profile that is defined as Category D 
in the 1997 NEHRP Provisions (FEMA 302, 1997; FEMA 303, 1997). There are three hazard 
levels for the motions: 
1. 2% probability of exceedance in 50 years; 2475-year return period (LA21 -- LA40) 
2. 10% probability of exceedance in 50 years; 475-year return period (LAOI -- LA20) 
3.50% probability of exceedance in 50 years; 72-year return period (LA41 -- LA60) 
In this study, only 2/50 hazard level was used for the performance assessment. The level is 
paired with Collapse Prevention performance level. For the measurement of randomness, which 
is arising from the orientation of the building with respect to the fault, the near fault ground 
motions having 2/50 hazard level were also used. The profiles and time history data of these 
accelerograms can be download from this website, http://nisee.berkeley.eduldata/strong motion! 
sacsteell ground motions.html. 
The accelerograms were developed to match the target response spectra, but the mean values 
of the 20 accelerograms at target periods were not the same. Therefore, the accelerograms were 
scaled to best match the spectral accelerations to the target values at four periods. Yun (2000) 
calculated the scaling factors, which were used for demand calculations in this study. The target 
spectral accelerations and the scaling factors are shown in Table 2-1. Figure 2-1 shows the mean 
spectral acceleration of the 20 accelerograms having 2/50 hazard level, the scaled one, and the 
smoothed response spectra fit to the target values. 
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Table 2-1 Target Spectral Acceleration and Scaling factor (Yun, 2000) 
Hazard Level 
Target Sa (g) 
Scaling Factor 
0.3 sec 1.0 sec 2.0 sec 3.0 sec 
2/50 1.610 1.190 0.540 0.190 0.83 
4.0 r----rn----.---------------------, 
3.0 Unsealed Mean of LA21 - LA40 
/ Scaled Mean of LA21 - LA40 
Ci 
-; 2.0 
/ Smoothed,1.1SIT 
UJ \ 
1.0 
0.0 '--------'------..:...--------!.---------' 
0.0 1.0 2.0 
Period, T (sec) 
3.0 4.0 
Figure 2-1 Response Spectra ofLA21 '" LA40, 5% damping 
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2.2 Performance Level and Performance Objective 
In NEHRP Guidelines for the Rehabilitation of Buildings (FEMA 273, 1997) and 
Commentary (FEMA 274, 1997), four performance levels are suggested, which are Operational, 
Immediate Occupancy, Life Safety, and Collapse Prevention. FEMA 273 defines a performance 
level as the "intended post earthquake condition of a building; a well-defined point on a scale 
measuring how much loss is caused by earthquake damage; in addition to casualties, loss may be 
in terms of property and operational loss." This study will utilize two performance levels, 
Immediate Occupancy and Collapse Prevention, which are paired with performance objectives 
that will be discussed in the next section. 
In State of the Art Report on Performance Prediction and Evaluation of Steel Moment-
Frame Buildings (FEMA 355F, 2000), the Collapse Prevention (CP) performance level was 
defined as the post -earthquake damage state in which a structure is on the verge of experiencing 
either local or total collapse. Substantial damage to the building has occurred, including 
significant degradation in strength and stiffness of the lateral-force-resisting system and large 
permanent deformation of the structure. It is likely that some degradation of the gravity load 
system has occured, but all significant components of the gravity system must continue to be 
functional. The buildings for this performance level may be complete economical losses, but do 
not collapse. 
FEMA 355F also defined the Immediate Occupancy (IO) performance level as the post-
earthquake damage state in which only slight structural damage has occurred. The buildings 
meeting this level are expected to sustain minimal or no damage to their structural elements and 
only minor damage to their non structural elements. The basic gravity and lateral load resisting 
systems still keep most, if not all, of their strength and stiffness. Buildings· meeting this 
performance level should be safe for occupancy immediately after the earthquake, presuming 
that damage to non structural components is light and utility service is available. 
Table 2-4 in FEMA 273 indicates that shear walls for the Collapse Prevention level 
experience major flexural and shear cracks, sliding at joints, extensive crushing and buckling of 
reinforcement, and severe boundary element damage. The drift of the walls for this level will be 
2% transient or permanent. The shear walls for the Immediate Occupancy level will experience 
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minor hairline cracks. The drift for this level will be 0.5% transient (negligible permanent). As 
will be shown in a later section, these drift limits are much too small. 
FEMA 355F says, "A building's desired performance is characterized by performance 
objectives." A performance objective is a specification of the performance level to be achieved 
together with a seismic hazard level. The 1997 NEHRP Provisions (FEMA 302, 1997) specifies 
that the primary design performance objective for Seismic Use Group I buildings is the collapse 
Prevention (CP) performance level not to be exceeded for a Maximum Considered Earthquake 
(MCE) ground motion assumed to be taken as that having a 2% probability of being exceeded in 
50 years (2/50). The return period for this event is approximately 2475 years. The NEHRP 
Provisions also imply that a performance objective consisting of the Immediate Occupancy (10) 
performance level, which is similar to the SAC 10 level, for a ground motion having a 50% 
probability of exceedance in 50 years can also be achieved for conforming buildings. FEMA 273, 
however, suggests that Immediate Occupancy be paired with a ground motion having a 50% 
probability of exceedance in 30 years, but the definitions of acceptable damage within the 10 
performance level are not identical in the two documents. 
FEMA 355F recommends that the only performance objective that should be specified in the 
NEHRP Guidelines is the Collapse Prevention performance level paired with the 2% in 50 year 
(2/50) probability of not achieving the performance objective, since this is the only level that 
addresses life safety. It is recommended that a 90% confidence in achieving this performance 
objective be adopted. The design professional working with the owner/developer should actually 
decide which hazard level to use and the associated confidence level. However, combining the 
10 performance with the 50/50 hazard level is also a recommended performance objective. 
In this study, the CP performance level was paired with 2/50 hazard level. The definition of 
local and global collapse and the way to determine them will be presented in Section 2.4. A 
description of the way that the performance objectives are attained through the design or 
evaluation will be given in Chapter 4 and 5. 
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2.3 Incremental Dynamic Analysis 
The Incremental Dynamic Analysis (IDA) procedure was developed by Luco and Cornell 
(1998), which introduced a statistical background for the procedure. Vamvatsikos and Cornell 
(2001) provided additional detailed infonnation on the IDA procedure. Section 5.6.1.2 in FEMA 
355F describes the IDA procedure for perfonnance prediction and evaluation of steel moment 
frame buildings. 
In order to perfonn an IDA, a ground motion acceleration record representing the hazard at 
the desired exceedance probability is selected. An elastic analysis is first run to establish a 
baseline. The maximum elastic story drift is plotted on a graph of peak maximum spectral 
acceleration vs. maximum story drift. Next, a nonlinear time history analysis is performed and 
the maximum inter-story drift value is obtained. Then the analysis is repeated by increasing the 
ground motion incrementally. The global drift capacity of the building is decided when a very 
large drift occurs such that the incremented slope of the IDA is less than 20% of the slope from 
the elastic analysis. In FEMA 355F, the collapse drift is limited to 0.10 because analytical 
modeling is not reliable for drift over 0.10. An example of two IDA for a 20-story building is 
shown in Figure 2-2. The open triangles represent the IDA for one ground motion where 20% of 
the elastic slope determined the capacity. The open circles represent a case where the default 
capacity, 0.10, applies. 
The IDA presented above was based on the results of analysis of steel moment frame 
buildings, so the procedure is not directly applicable for shear wall buildings. First, shear wall 
buildings are much stiffer than steel moment frame buildings. As shown in Figure 2-3, the line 
of 20% of elastic slope, Se, reaches 5.0g of Sa even at less 10% drift. This phenomenon 
decreases a little as the height increases, but the 20% slope is still stiffer than for steel moment 
frames. The curve of LA 39 in Figure 2-3 shows that it follows the 20% slope line until 5.0g. 
While it reaches 5.0g, the slope of the curve goes below and above the 20% slope, so it is very 
difficult to decide if the building collapses based on the method presented in FEMA 355F. The 
curve of LA 39 in Figure 2-4 shows a similar but different case. If following the proposed 
procedure, the drift capacity is around 0.04. However, the behavior is still very stable after the 
capacity drift, 0.04. 
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Secondly, in addition to the high stiffness, shear wall buildings yield very fast. The curves of 
LA 40 in Figure 2-3 and LA 24 in Figure 2-4 show this case. The slopes of both go below 20% 
of Se around 0.01 drift ratio, but they look stable until 0.1. Thirdly, the p-delta effect of 
prototype buildings is so small that the buildings never collapse in some cases. This is because 
the buildings have many walls so gravity loads resisted by each wall are small. Two cases are 
provided as examples. The curve of LA28 in Figure 2-3 is like a linear system. The slope of LA 
34 in Figure 2-4 repeatedly increases and decreases, but the curve goes up continuously. 
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Figure 2-2 Two IDA Analyses for 9-Story WCSB OMF (FEMA 355F) 
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Because of these phenomena, a new approach for deciding the drift capacity was taken in 
this study. It used an energy-equivalent elasto-plastic analogy developed by Ding and Foutch 
(2004), as shown in Figure 2-5. For a single IDA curve, 'Load' replaced 'Sa' and 
'Displacement' did 'Maximum drift', therefore, '!1y' was 'Capacity drift'. For LA 40 in Figure 
2-3 and LA 24 and LA 39 in Figure 2-4, this analogy can be easily applied; however, for LA 28 
and LA 39 in Figure 2-3 and LA 34 in Figure 2-4, they don't collapse even above 5.0g, and this 
is not reasonable for the real situation. To settle this problem, 4.8g, which is three times the Sa of 
the maximum considered earthquake for the Los Angeles site, was decided as an upper bound on 
Sa. A rule was proposed to detennine the drift capacity, which is as follows. 
1. Check the maximum drift at 4.8g. 
2. If the drift is smaller than 0.1, then 0.1 is the drift capacity. 
If the drift is larger than 0.1, then the elasto-plastic analogy is used to detennine the drift 
capacity with the IDA curve. An ultimate drift is decided when a very large drift occurs. 
5~--~--~----------~-----+----------------~ 
Se 0.2Se 
4 
3 
2 LA 40 
O~,----~------~----~----~----~------~--~ 
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 
maximum drift ratio 
Figure 2-3 IDA Samples (SW3-2) 
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2.4 Definition of Collapse for Shear Wall Building 
To find the ultimate capacity of a shear wall building, it is necessary to define what collapse 
IS. Two categories were used for the definition in this study, local collapse and global collapse. 
Local collapse means that part of the load resisting system loses its capacity, but the main system 
does not. Global collapse means that the main load carrying system loses its capacity and leads 
to collapse of the whole system. The prototype buildings observed in this study consist of shear 
walls, which are the lateral load resisting system, and flat plate floors and columns, which are the 
gravity load resisting system. Local collapse will be defined by the collapse of a slab in the flat 
plate floor system. Global collapse will be defined by two possible categories that are global 
collapse of the building as determined by the IDA and column failure of the flat plate system. 
2.4.1 Local Collapse 
The definition of the local collapse limit in this study was the maximum drift angle at which 
slabs of the flat plate system lose their gravity load carrying capacity. Many test experiments 
have shown two main failure modes for a flat plate system. One is flexural failure and the other 
is punching shear failure. Luo and Durrani (1995, a) summarized the failure modes of previous 
experiments. 
Robertson et al. (2002) presented the relationships of ultimate drift ratio and gravity shear 
ratio from past test results of flat plate systems. The gravity shear ratio was defined as the ratio 
of the direct shear on the critical perimeter due to gravity load only to the concrete shear capacity. 
The graph is shown in Figure 2-6. There are three lines on the graph, representing different types 
of shear reinforcement. One is for slabs without shear reinforcement, another is for slabs with 
stirrup shear reinforcement, and the third is for slabs with headed stud reinforcement. As will be 
mentioned in Section 3.1.2, the prototype buildings were designed to have shear reinforcement in 
the flat slab. 
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Based on the data in Figure 2-6, the relationships between the gravity shear ratio and the 
ultimate drift ratio for three types of reinforcement were developed using regression analysis and 
are shown below. In the equations, X is the gravity shear ratio and Y is the ultimate drift ratio 
(%). Figure 2-7 shows the graphs of the three equations. 
For slabs without shear reinforcement: 
v _ f'I t;:o 1 1. y-O.9254 Y ./ f'I 1" V _ LI f'I 
.J.. - v.v./ .1.oJ ... 1. ... 1. ........ v . .1. oJ, .J.. - I.V (') 1\ \""' • .L/ 
For slabs with stirrup shear reinforcement: 
Y = 3.0766X-0.3788 X < 0.08, Y = 8.0 (2.2) 
F or slabs with headed stud reinforcement: 
Y = 4.3415X-o.3821 X < 0.20, Y = 8.0 (2.3) 
With these relationships, the ultimate drift limit of the prototype buildings could be 
calculated for local collapse. At the gravity shear ratio (Vu/$Vc), the direct shear, Vu, was 
derived from applied dead load plus 0.3 times applied live load without factors, and the concrete 
shear capacity, $ V c, was derived with $ = 1.0 because defining the local collapse is an analytical 
procedure and not design. V c is given by 
(2.4) 
where fe' = compressive strength of concrete (psi); bo = perimeter length of slab critical 
section (in.); d = effective slab depth (in.). 
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2.4.2 Global Collapse 
2.4.2.1 Collapse of Shear Wall Building 
Shear wall failure can be defined by the IDA procedure that was described above. A model 
of the entire system, including both the shear walls and the flat plate gravity system, was excited 
by ground motions for the IDA. Through the IDA procedure, the median and standard deviation 
of the collapse drift limit of the shear walls were decided for performance assessment. 
It should be noted that 'drift' as a measurement of damage was different from 'drift' in 
moment resisting frames. In the SAC project, 'story drift', or, 'inter-story drift' was used as a 
measurement of damage. In shear wall buildings, however, 'story drift' itself is not appropriate 
as a damage measurement because part of this drift represents only a rigid body rotation at higher 
stories. To remove this meaningless rigid body rotation, the rotation of the previous story was 
subtracted at every story. Figure 2-8 shows how the effect of the rotation was subtracted for 
each story drift to determine an 'effective story drift'. 
story, i 
story, i-I 
At story i 
Total Story Drift: dT 
Drift by Rotation: de=hr 8i-1 
Effective Story Drift: de= dT-cie 
Figure 2-8 Effective Story Drift for A Shear Wall 
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2.4.2.2 Collapse of Gravity Frame 
Before the shear wall collapse occurs, gravity columns can collapse earlier if hinges fonn in 
the columns because the columns are designed only for gravity load. As a result, their strength 
and ductility are very poor. The columns designed according to the current ACI 318-02 will 
behave much better, however, than columns designed in the past because it is now required that 
enough transverse reinforcement be used to develop plastic moments at each end of a gravity 
column. The failure of a gravity column will be derived from a Damage Index (Park and Ang, 
1985). The Damage Index is 
(2.5) 
in which bM = maximum defonnation during the earthquake; ~ = ultimate defonnation under 
monotonic loading; Qy = calculated yield strength; dE = incremental absorbed hysteretic energy; 
f3 = non-negative parameter for the effect of cyclic loading on structural damage. Ultimate 
defonnation ~ is a product of a ductility factor f.1u and a yield defonnation ~. 
(2.6) 
(2.7) 
in which the flexural component of defonnation is 0'; the defonnation due to bond slippage of 
the reinforcing bar from its anchorage is ~ ; the inelastic shear deformation is ~ ; the elastic 
shear defonnation is be. The elastic shear deformation is assumed to be zero. The detailed 
equations for the variables are presented below. 
1. Flexural component 
¢ = {l.05 +( 0.45. 
y 0.84+2p - P 0.05J.3L}¢· 0.3 Y 
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(2.8) 
(2.9) 
at = area of tensile reinforcing steel 
a
e 
= area of compressive reinforcing steel 
d = distance from top to tensile reinforcing steel 
a y = yield strength of reinforcing steel 
50 = concrete strain at maximum strength = 0.002 
5 y = yield strain of reinforcing bar 
de = concrete cover (compression) 
N = axial force 
I = length of member 
2. Defonnation due to bond slippage 
r M = 1.2ksi 
20 
(2.10) 
(2.11 ) 
(2.12) 
(2.13) 
(2.14) 
(2.15) 
(2.16) 
(2.17) 
0"0 = stress in reinforcing bar at the face of anchorage 
S = bond slippage 
D = diameter of reinforcing bar 
z = distance between tensile and compressive reinforcement 
3. Shear deformation (Mean) 
(2.18) 
(2.19) 
Me = flexural cracking moment 
(2.20) 
Os = shear rotation 
0.2 I 
= (I) , as a percentage; for u < 5 or - > 4 
_ -0.5 d 
d 
(2.21 ) 
= (r [1+0.27(u-5)]; for u > 5 and 2.5 <i < 4 i -0.5 d 
d 
(2.22) 
0.2 [ u-5 ] I 
= () 1 + 0.185 r::- ; for u > 5 and - < 2.5 i -0.5 V Pw -0.4 d 
d 
(2.23) 
II d = shear span ratio, (1.5 if II d < 1.5) 
Pw = stirrup ratio, % (0.2% if Pw < 0.2 % ) 
u = r B / E ' effective average bond stress (2.24) 
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~T 
"[' ------
B - ljI (Z -1.71 nd) (2.25) 
~T = difference of the forces in the reinforcement between both ends of a 
member calculated by flexural analysis 
ljI = perimeter of the longitudinal reinforcement 
I = length of member 
n = number of pairs of stirrup 
d = diameters of stirrups 
4. Ultimate ductility factor 
( J
O.218PW-2.l5 
f.lu = :. exp( 0.654 Pw + 0.38), 1.0 if f.lu < 1.0 
Pw =confinement ratio as a percentage (2% if Pw > 2%) 
C p = principal strain 
Cb = flexural concrete strain at the location of the compression bar 
5. Effect of cyclic loading on structural damage 
,B = (-0.447 +0.073 ~ +0.24no +0.314p, )x0.7P' 
1/ d = 1. 7 if 1/ d < 1. 7 
no =0.2 if no < 0.2 
p, = longitudinal steel ratio as a percentage (0.75% if p, < 0.75%) 
(2.26) 
(2.27) 
(2.28) 
The damage index is used for determining the damage level of each column. The expected 
behavior corresponding to different ranges of the Damage Index are given in Table 2-2. 
22 
Table 2-2. Damage Index versus Expected Damage (Park et ai, 1985) 
Degree of Damage Physical Appearance Range 
Collapse Total or Partial Collapse of Building. D.1. > 1.0 
Severe 
Extensive Crashing of Concrete. 
Disclosure of Buckled Reinforcements. 
0.6 < D. 1. < 1.0 
Moderate 
Extensive Large Cracks. 
0.25 < D. 1. < 0.6 
Spalling of Concrete in Weaker Elements 
Minor 
Minor Cracks Throughout Building. 
D.1. < 0.25 
Partial Crashing of Concrete in Columns. 
Slight Sporadic Occurrence of Cracking. D.1. : Very small 
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3 Design and Modeling of Building 
3.1 Design of Prototype Building 
Prototype reinforced concrete shear wall buildings were designed for this study. The 
selected floor plans of the buildings are common types currently constructed in the United States. 
Three different numbers of stories - three, nine, and twelve - were chosen for this study. They 
represent short, medium, and long period shear wall buildings respectively. In the SAC project, 
the greatest number of stories considered was twenty, but the height limit is 160 ft for shear wall 
buildings in Seismic Design Category D, E, and F, which is why the maximum number of stories 
for this study was twelve. Seismic design parameters will be described below. Each story height 
is 13 ft, so 39 ft is the total height of the three-story building, 117 ft is the height of the nine-
story building, and 156 ft is the height of the twelve-story building. Two kinds of floor plans 
that have different bay lengths were considered in this study. Their dimensions are presented in 
Table 3-1. SW3-1 and SW9-1 represent smaller bay buildings of three and nine stories, 
respectively. SW3-2, SW9-2, and SW12-2 represent larger bay buildings with three, nine, and 
twelve stories, respectively. The plan views for the prototype buildings having the smaller and 
larger bays are shown in Figure 3-1 and Figure 3-2, respectively. 
Table 3-1 Configurations of Prototype Buildings 
Type No. of 
Bay Length (ft) 
Stories Longitudinal Direction Transverse Direction 
SW3-1 20.0 22.0 
3 
SW3-2 30.0 30.0 
SW9-1 20.0 22.0 
9 
SW9-2 30.0 30.0 
SW12-2 12 30.0 30.0 
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Figure 3-1 Floor Plan for SW3-1, SW9-1 
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Figure 3-2 Floor Plan for SW3-2, SW9-2 and SW12-2 
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The lateral load resisting systems of the buildings are special reinforced concrete shear walls 
for the transverse direction and special moment resisting frames for the longitudinal direction. 
Only the shear wall system in the transverse direction will be considered in this study. The eight 
shear walls are located at the core in the center of the building plan and along each side. The 
walls are located at column lines so as not to disturb architectural elements. They are also 
architectural elements themselves that serve as either elevator cores or stairways. Most of the 
gravity load is carried by a flat-plate floor system, with no beams, to columns that transfer 
gravity load down through the slab. 
These buildings are assumed to be located at a site in downtown Los Angeles, which is a 
high seismic region. The calculation of design base shear is based on NEHRP Recommended 
Provisions for Seismic Regulations for New Buildings and Other Structures (FEMA 302, 1997). 
The variables for this calculation are given in Table 3-2, and the calculated base shear is given in 
Table 3-3. For the design base shear, 15% of live loads were added to total weights. 
Table 3-2 Variables for the calculation of design base shear in downtown LA 
Maximum Considered Earthquake Ss=1.61g, S}=0.79g 
Site Class Class D, Stiff Soil: Fa=1.0, Fv=1.5 
Design Earthquake SDs=1.07g, SD1=0.79g 
Seismic Design Category D 
Seismic Use Group Group 1: 1=1.0 
Table 3-3 Calculated Design Base Shear for A Single Wall 
SW3-1 SW3-2 SW9-1 SW9-2 SW12-2 
Base Shear 
156.4 369.0 601.5 1314.9 1120.6 (kips) 
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The design of reinforcing steel details for the prototype buildings follows "Chapter 21 -
Special Provisions for Seismic Design" of the Building Code Requirements for Structural 
Concrete and Commentary (ACI 318, 2002). This chapter includes specific requirements for 
buildings constructed in high seismic regions such as the west coast of the United States. In the 
2002 edition, several requirements have been added for the design of shear wall and flat-plate 
systems. Those will be described in the next section. 
3.1.1 Shear Wall Design 
The design of a shear wall consists of two parts, which are the web and boundary regions. 
Commonly in design, the web is proportioned to resist the design shear force and the boundary 
regions are designed for ultimate moment. A rectangular shape was selected for the wall section 
of the three- and nine-story buildings because it is the most commonly constructed and 
economical shape. For the design of the twelve-story building, however, a rectangular shape was 
not capable of resisting the overturning moment, so a barbell shape was chosen. The dimensions 
of the wall sections are identical at all stories, but their reinforcement changes every two stories. 
The column grid spacing determined the length of the walls as shown in Figure 3-1 and 
Figure 3-2. The thickness of walls, then, was determined considering the shear strength of walls 
with minimum web reinforcement ratio and the feasibility of longitudinal reinforcement in the 
boundary region. The minimum vertical and horizontal reinforcement ratio (Pv and Pn) of a web 
region is 0.0025, except if 
(3.1) 
where Vu = factored shear force, Acv = gross area of concrete section bounded by the web 
thickness and length of section in the direction of shear force considered, and fe' = specified 
concrete strength, the minimum reinforcement is permitted to be reduced. All wall sections were 
in this category, so the minimum amounts of reinforcement were placed in the web region. Even 
with this minimum reinforcement, the nominal shear strength is three times the factored shear 
force for SW3-1 and SW9-1, and two-and-a-half times for SW3-2, SW9-2, and SWI2-2. Two 
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curtains of reinforcement must be used if the factored shear force assigned to the wall exceeds 
2Acv g. None of the prototype buildings were in this category, but two layers of web 
reinforcement were used for the nine- and twelve-story buildings. Section 14.3.4 in ACI 318-02 
specifies that walls with more than 10 inch thickness should have reinforcement placed in two 
layers. The vertical reinforcement ratio of the web should not be less than its horizontal 
reinforcement ratio if the height-to-width ratio of the wall is less than 2.0. The height-to-width 
ratios of the 3-story prototype buildings (1.84 for SW3-1 and 1.22 for SW3-2) were less than 2.0, 
so the vertical reinforcement ratios needed to be larger than the horizontal reinforcement ratios. 
Design of the boundary region of the wall follows the displacement-based approach added in 
ACI318-02. It requires boundary elements to confine concrete to resist the extreme strain. The 
longitudinal reinforcement in the boundary region does not change vertically in building SW3-1 
because the reinforcement at the first story already has a minimum ratio of 1.0%. In the 
remaining buildings, on the other hand, the reinforcement changes every two stories, but it 
becomes constant at upper stories when it reaches the minimum value. In the design of the 
boundary regions, 2.5% was taken as the maximum ratio of the longitudinal reinforcement 
because the ratio gets close to the limiting value of 6.0% at splices. The dimensions and 
reinforcing steel details of the designed shear walls are given in Table 3-4, Table 3-5, and Table 
3-6. Cross sections of the walls are shown in Figure 3-3 to Figure 3-6. 
Table 3-4 Dimensions of Designed Shear Walls 
Type *Lw (in.) Hw (in.) hf (in.) bf (in.) tw (in.) Aspect Ratio 
SW3-1 254 468 32 8 8 1.84 
SW3-2 384 468 46 8 8 1.22 
SW9-1 264 1404 60 26 26 5.32 
SW9-2 396 1404 78 32 32 3.54 
SW12-2 396 1872 80 40 28 4.73 
* Dimensions: Refer to Figure 3-20 
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Table 3-5 Reinforcement of Shear Walls (Web Region) 
Web 
Type Story Horizontal Vertical 
Reinf. Ratio (%) Reinf. Ratio (%) 
SW3-1 1~3 #5@15in. 0.258 #5@14in. 0.276 
1~2 
SW3-2 #5@15in. 0.258 #5@14in. 0.276 
3 
1~2 
SW9-1 3~4 2-#5@9in. 0.265 2-#5@9in. 0.265 
5~9 
1~2 
SW9-2 3~4 2-#6@10in. 0.275 2-#6@10in. 0.275 
5~9 
1~2 
3~4 
SW12-2 2-#6@12in. 0.262 2-#6@12in. 0.262 
5~6 
7~12 
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Table 3-6 Reinforcement of Shear Walls (Boundary Region) 
Boundary 
Type Story Longitudinal Confinement* 
Reinf. Ratio (%) Reinf. Ratio (%) 
SW3-1 1--3 10-#5 1.21 #4@2in. 3.24 
1--2 18-#6 2.15 
SW3-2 #4@2in. 3.29 
3 18-#5 1.51 
1--2 20-#11 2.00 
SW9-1 3--4 20-#10 1.60 #5@5in. 1.14 
5--9 20-#9 1.30 
1--2 34-#11 2.13 
SW9-2 3--4 34-#10 1.73 #5@4.5in. 1.29 
5--9 34-#9 1.36 
1--2 48-#11 2.34 
3--4 48-#10 1.91 
SW12-2 #5@5in. 1.39 
5--6 48-#9 1.50 
7--12 48-#8 1.19 
* Ratio of confinement is volumetric (%) 
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3.1.2 Gravity Frame Design 
The gravity frame of the prototype buildings was a flat-plate system. There were no beams 
in the floor system except for those from the moment frames acting as edge beams. The floor 
slabs of the gravity frame were two-way slabs, so the design of their flexural reinforcement 
followed the ACI 318-02 Direct Design Method. Distribution of the flexural reinforcement to 
the column and middle strips followed the procedure for slabs without beams at interior 
connections; at exterior connections, the distribution was per the slab with edge beam case. 
Shear reinforcement for the slab was not necessary based on ACI 318-02 because the shear 
strength calculated including only concrete was adequate to resist the factored shear load. The 
thickness of the slabs was 9 in. and 12 in. for the buildings having the smaller and larger bays, 
respectively. There is currently a proposal under consideration (ACI 318H, 2003) to place shear 
reinforcement in slabs of flat-plate systems constructed in high seismic regions for preventing 
punching shear failure as a function of drift to be included in Chapter 21 of ACI 318-02. This 
proposal is not accepted and published yet, but in the design for this study the specifications of 
the proposal were applied, and consequently the slab had shear reinforcement to be able to 
prevent punching shear failure and dissipate hysteretic energy without sudden strength drop at 
large deformations. For the prototype buildings, the slab was designed to have stirrup shear 
reinforcement. It should be noted that the longitudinal reinforcement in the bottom of the slab 
through the column core is very important in preventing progressive collapse. 
The columns of the flat-plate system were designed for gravity load only. The dimensions 
of the columns are identical at all stories. Longitudinal reinforcement ratios were kept between 
1.0 and 2.5 % and the amount of the reinforcement changed every two stories, but it becomes 
constant at upper stories when it reaches the minimum value like for the shear wall design. With 
respect to ACI 318, frame members not proportioned to resist forces induced by earthquake 
motions should be still detailed like lateral load resisting frame members because the member 
may undergo large deformations. The detailing is related to placing transverse reinforcement 
required similar to that in special moment frame members. The transverse reinforcement 
provides the gravity columns with large ductility. The dimensions and reinforcement of the 
gravity columns is presented in Table 3-7. 
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Table 3-7 Dimensions and Reinforcement of Gravity Columns 
Dimension Reinforcement 
Type Story Longitudinal Confinement 
b (in.) h (in.) 
Reinf. Ratio (%) Reinf. Ratio (%) 
1,...,2 16-#5 2.00 
SW3-1 16.0 16.0 #4@3.5in. 1.74 
3 8-#5 1.00 
1,...,2 16-#8 2.19 
SW3-2 24.0 24.0 #4@4in. 1.09 
3 8-#8 1.10 
1,...,2 20-#8 2.30 
SW9-1 3,...,4 26.0 26.0 20-#7 1.80 #4@4.5in. 1.21 
5,...,9 20-#6 1.30 
1,...,2 32-#9 2.00 
SW9-2 3,...,4 40.0 40.0 32-#8 1.60 #4@4in. 1.16 
5,...,9 32-#7 1.20 
1,...,2 32-#10 2.10 
3,...,4 32-#9 1.70 
SW12-2 44.0 44.0 #4@4in. 1.06 
5,...,6 32-#8 1.30 
7~12 32-#7 1.00 
* Ratio of confinement reinforcement is volumetric (%) 
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3.2 Analytical Modeling of RIC Building 
3.2.1 Review of Reinforced Concrete Shear WaH Analytical Models 
There are various ways to model RC shear walls. They can be divided into two major 
groups, microscopic and macroscopic models. Microscopic models are derived from solid 
mechanics considerations and obtain a solution through the finite element approach. 
Macroscopic models are phenomenological in nature and are based on observed test results. 
Micro-models are of theoretical interest because they are derived through the application of 
engineering mechanics. However, their implementation is limited when an inelastic dynamic 
analysis for a multi-story building with RC shear walls is desired. Such analysis requires a 
highly detailed model to describe the cyclic and dynamic behavior. More practical approaches 
emphasize prediction of global behavior rather than detailed local behavior. Inelastic dynamic 
analysis and global results from the analysis are necessary for this study, so micro-models will 
not be used. 
Macro-models are easier to apply but have several limitations, the main one being that the 
analytical results are usually valid only for the specific conditions upon which the derivation of 
the model is based (Vulcano and Bertero, 1987). Even though they have limitations, macro-
models can be used for idealized structures that show dominant behaviors. For instance, the 
plastic hinge region in a beam is often assumed to be located right at the beam end and modeled 
as a plastic spring. For these reasons, different macro-models have been developed and are used 
widely in research. 
There are three main types of macro-models being used for RIC walls. These are the 
equivalent beam element model, the equivalent truss element model, and the vertical line 
element model. Discussions of these models are provided by Vulcano and Bertero (1987) and 
Linde (1993). Based on a review of those reports, a vertical line element model is selected for 
this study. This model shows good correlation between observed and calculated wall response 
(Kabeyasawa et aI., 1984). 
A vertical line element model was originally suggested by Kabeyasawa et al. (1984). The 
model is shown in Figure 3-8 (a). Axial springs at each side and a rotational spring at the center 
are for representing flexural behavior, while the horizontal spring is for modeling shear behavior. 
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Vu1cano et al. (1988) added more axial springs (Figure 3-8 (b)), indicating that having at least 4 
axial springs can improve the prediction for flexural response. The rotational spring in the center 
is removed in this model. Linde (1993) suggested a simpler model that has three axial springs 
and one horizontal spring (Figure 3-8 (c)). He tried to develop a simple and clear kinematic 
fonnulation of the model. Recently, Orakcal et al. (2002) used a multiple spring macro-model 
similar to the one of Vulcano et al. (1988); the only difference from the previous mUlti-spring 
element model is that they adopted hysteretic constitutive laws of concrete and steel for the 
spring. In this model, the wall section consists of more refined vertical springs. 
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Figure 3-8 Wall Models Proposed by Other Researchers 
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3.2.2 Tests on Reinforced Concrete Shear Walls 
Reinforced concrete shear walls have been widely used for seismic resistant buildings 
because they can resist high lateral forces during an earthquake. Shear walls are also very stiff 
compared to moment frames, so they provide protection to nonstructural components during 
small and moderate earthquakes. However, they have also sometimes shown a serious problem 
as a result of the lack of ductility, so numerous experiments have been conducted to improve the 
performance of RC shear walls, with design codes having been changed based on the test results. 
At present, the ductility of shear walls designed by current codes is adequate to resist large 
displacement reversals induced by seismic loading. 
Improving the ductility of shear walls means that the walls are designed to be controlled by 
flexure, because shear failure is a major cause of sudden brittle failure and collapse. It should be 
noted, however, that shear walls have also shown shear deformation even when they are 
controlled by flexure (Wang et aI., 1975; Oesterle et aI., 1976, 1979; Vallenas et aI., 1979; Iliya 
and Bertero, 1980). 
Shear wall test results since the 1970's were studied for use as a basis of the analytical 
model. The guidelines for choosing the test results used for developing the analytical model are 
as follows: (1) The test should be cyclic; (2) The specimen should be controlled by flexure; (3) 
The hysteretic results should include moment-rotation, shear-shear distortion and shear-top 
displacement relationships. The first guideline is obvious because shear walls will experience 
reversing load during an earthquake. The second one is because prototype buildings designed in 
this study will exhibit a flexure-controlled behavior. The third item is important because the 
model is intended to represent shear behavior as well as flexural behavior. Furthermore, the 
displacement should be checked because it is a primary parameter for performance-based 
evaluation. 
Four specimens were chosen from three different shear wall testing programs. Two of those 
tests were conducted at the Portland Cement Association (PCA) and the University of California 
at Berkeley in late 1970's to early 1980's. They provided all three relationships suggested in the 
third guideline above. Wang et ai. (1975), Vallenas et al. (1979) and Iliya and Bertero (1980) 
tested specimens that had an aspect ratio of 1.27 with rectangular and barbell shapes. The tests 
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by Oesterle et al. (1976, 1979) and Shiu et al. (1981) at Portland Cement Association (PCA) labs 
included specimens having aspect ratios of 2.4 and 2.88 and cross sectional shapes such as 
rectangular, barbell, and flanged ones. One test specimen, SW2, from Wang et al. (1975) was 
selected because it is the only specimen having all three relationships. Two test specimens, R2 
and B3, by Oesterle et al. (1976) were selected. R2 represents two rectangular shaped specimens. 
The other rectangular shaped specimen, R1, has no confinement reinforcement in the boundary 
region, so R2 was chosen. B3 represents barbell shaped specimens and is one of two specimens 
having the lowest nonnalized shear stress, which is a significant parameter to explain shear 
behavior. This nonnalized shear stress will be explained below. 
The last specimen selected was from the tests by Thomsen and Wallace (1995). Four 
specimens were tested, which consisted of two rectangular shapes, RW1 and RW2, and two 
flanged shapes, TW1 and TW2. The flanged shape was not of interest in this study. Both 
rectangular shaped specimens have similar dimensions, reinforcement, and material properties, 
so that RW1 was just picked to compare with the analytical model suggested in this study. The 
dimensions and parameters of the four specimens chosen for comparison are presented in Table 
3-8. Hysteretic data of the specimens are shown in Figure 3-9 through Figure 3-12. It should be 
noted that measured shear distortions were based on a change of the displacement at four 
locations. 
Table 3-8 Dimensions of Test Specimens 
Lw Hw hf bf tw Hw/Lw 
EERC-SW2 94.0 120.0 10.0 10.0 4.0 1.28 
PCA-R2 75.0 180.0 7.5 4.0 4.0 2.40 
PCA-B3 75.0 180.0 12.0 12.0 4.0 2.40 
Wallace-RWI 48.0 144.0 7.5 6.0 6.0 3.00 
* Unit for dimensions: inch 
* ID for dimensions: see Figure 3-20 
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3.2.3 Modeling of Reinforced Concrete Shear Walls 
3.2.3.1 Macro-Model for RC Shear Walls 
Macro-models for RC shear walls have shown good agreement for flexural response. With 
axial springs only in the boundary, they can follow the moment-curvature envelope well if the 
shear walls are controlled by flexure; however, they are less accurate for simulating shear 
response. The researchers who proposed the macro-models mentioned above, and others who 
have used the models, introduced several shear models, but those models did not show 
satisfactory results. For this reason, those who used the macro-models tried to match overall 
response with that observed during testing by changing the other parameters, such as the 
dimension 'ch' in Figure 3-8 (b), to indirectly account for shear behavior. 
The reason why the existing shear models were not very good is that shear distortion that 
develops in a wall results from flexural yielding in the plastic hinge zone and does not follow the 
ordinary expected shear versus shear distortion relationship. In shear walls controlled by flexure, 
shear yielding doesn't occur and the walls never reach their full shear strength. Horizontal 
cracks in boundary regions, which come from flexure, appear first, and then inclined cracks 
develop across the web region of the walls. At the end of tests, the inclined cracks (shear cracks) 
are observed clearly at a lower level of the walls. Shear distortion is therefore related to flexural 
cracks that develop earlier than shear cracks. The shear distortion behavior has a pinched shape 
because it comes from opening and closing of the shear cracks. These kinds of results were 
provided by Oesterle et al. (1976, 1979), Wang et al. (1975), and Vallenas et al. (1979). Figure 
3-9 (b), Figure 3-1 0 (b), Figure 3-11 (b), and Figure 3-12 (b) show pinched hysteresis in shear 
distortion. 
The macro-model used in this study is the same type as the one reported by Linde (1993) in 
Figure 3-8 (c). Flexural behavior is represented by two vertical springs at the wall boundary. 
The flexural behavior is based on the moment versus curvature envelope from a wall cross 
section analysis. The flexural behavior follows the envelope very well. It is represented by axial 
springs at the boundary and simply replaces the moment versus curvature relationship with the 
force versus displacement relationship, where moment is determined by the force in each vertical 
spring times the distance between the two springs. The flexural behavior does not show a 
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pinched hysteresis. The hysteretic rule for the flexural behavior is shown in Figure 3-13 (a). 
Strength degradation is included in this model. Shear behavior will be represented by a single 
horizontal spring at the wall center. The shear behavior shows pinched and slip hysteresis. As 
mentioned earlier, the shear behavior is influenced by the flexural behavior, so parameters for the 
hysteretic rule are from flexure-based calculations except for the stiffness, which is based on 
shear properties. Shear yield strength comes from the moment yield strength, and the pinching 
force comes from the cracking moment strength. This hysteretic rule includes strength 
degradation and slip in the shear deflection. The hysteretic rule for the shear behavior is shown 
in Figure 3-13 (b). 
To obtain the flexure and shear coupled behavior, the shear spring is enforced to yield at the 
same time that the vertical springs reach flexure yield. This technique was also adopted by 
Alama and Wight (1992) for walls. The observed response for shear force versus shear 
distortion shows that shear slip in the bottom region (i.e., the plastic hinge region), also has some 
contribution to energy dissipation, and this response has an important effect on total behavior. 
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3.2.3.2 Parameters for Backbone Curves of RC Shear Wall Model 
The moment versus curvature relationship of a wall section can be based on the backbone 
curve defined by section analysis. The limit state will be assessed by checking the ultimate 
strains of concrete and steel reinforcement. In a section analysis, the wall section is assumed as 
cracked and the tensile strength of the concrete is not included. The wall section is divided into 
many layers throughout the wall width. Concrete and reinforcement are located in the layers 
separately. 
Concrete is categorized as either unconfined or confined. The unconfined concrete has 
stress-strain properties of normal concrete; the stress-strain model used is given by Kent and 
Park (1971). The term "confined" means that concrete is enclosed by confinement reinforcement 
such as hoops or rectangular ties. The confinement reinforcement provides additional strain 
energy so that the confined concrete gets increased strength and ductility. The designed shear 
walls have confined concrete in the boundary regions. Figure 3-14 shows the wall region that is 
modeled as confined concrete. Mander et al. (1988 (a» introduced a stress-strain model for 
confined concrete. The stress-strain relationships for the concrete of the shear wall for SW3-2 is 
calculated using that model and shown in Figure 3-15. Nominal strength of the unconfined 
concrete is 4 ksi, and 6.9 ksi is for the confined concrete. Mander et al. also introduced an 
equation for finding ultimate strain of confined concrete. The equation is based on equilibrium 
of strain energy per unit volume. The ultimate strain is decided to be when confinement 
reinforcement experiences fracture. The calculated ultimate strain of the confined concrete for 
the shear wall ofSW3-2 is 0.0525. 
Confined Concrete Unconfined Concrete 
• 
Figure 3-14 Confined and Unconfined Concrete in RC Shear Walls 
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Figure 3-15 Stress-Strain Relationships for Concrete of Shear Wall in SW3-2 
The stress-strain relationship for the reinforcement is based on a test recently carried out by 
a graduate student at the University of Illinois. Strain where strain hardening starts is 0.017 and 
ultimate strain of reinforcement is 0.14. This study adopts the stress-strain model provided by 
Bums and Siess (1962). The relationship is shown in Figure 3-16. 
With the models mentioned above, a moment versus curvature relationship is found by 
section analysis. Based on this relationship, top displacement versus base shear of the wall may 
be calculated. It is assumed that curvature is distributed linearly before yielding and 
concentrated at the bottom region after yielding. For all prototype buildings, longitudinal bar 
fracture at the boundary occurs before the confined concrete reaches its ultimate strain. Figure 
3-17 shows the moment versus curvature relationship of SW3-2. Circles indicate the location 
where longitudinal bars reach their ultimate strain. The first fracture occurs when the curvature 
is equal to 4.03x 1 0-4 lin and the moment is equal to 3.65x 105 kips-in. 
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The backbone curve of the moment-curvature relationship for a shear wall is presented in 
Figure 3-18. The yield moment strength, My, was selected when the longitudinal bar at the third 
row from the edge yields because the value was under-estimated if selected at the fIrst bar 
yielding. This method was kept consistent for all the shear walls. Elastic stiffness before 
yielding, kl' was calculated from the slope of the linear region of the moment-curvature 
relationship resulting from the section analysis mentioned above. Yield curvature, <Py, was 
obtained from the yield moment strength and elastic stiffness, Myfk1• The stiffness after yielding, 
k2, was the slope between the computed yielding and ultimate points. The ratios of k2 to kl for 
the prototype buildings were from 0.010 to 0.013. Ultimate moment strength and curvature were 
picked at the instant that the fIrst longitudinal bar fracture occurs. After the ultimate stage, 
moment drops to some proportion of the ultimate moment strength. This proportion of strength 
drop will be covered later in Section 3.2.3.3. 
Moment 
Curvature 
Figure 3-18 Backbone Curve of Moment-Curvature Relationship for Shear Wall 
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Modeling of shear behavior was based on a model by Otani (1985). In that model, shear 
behavior was represented by a tri-linear relationship. The stiffness was changed at the shear 
cracking strength and then again at the shear yielding strength. As explained in the previous 
section, shear yielding here starts at the wall yield moment strength divided by the height of the 
wall, and it occurs before the wall reaches its theoretical shear cracking strength. Based on this, 
the initial elastic shear stiffness (Ks) and the ratio of the stiffness after shear cracking to the 
initial elastic stiffness (as) were used for this study, such that the shear behavior model was 
simply a bi-linear relationship, as shown in Figure 3-19. 
Shear 
Shear Distortion 
Figure 3-19 Backbone Curve of Shear-Shear Distortion Relationship for a Shear Wall 
The initial elastic shear stiffness is 
(3.2) 
in which 
G = elastic shear modulus 
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= E/2( 1 +v) * v = 0.2 for concrete 
Aw = area of shear wall section 
K = shape factor for shear defonnation 
= 3(1 +u)[1-u2(1-v)]/4[1-u3(1-v)] 
h = inter-story height 
I' =uLw 
I = (1 +u)Lw/2 
Figure 3-20 Variables for Shape Factor 
The ratio of the stiffness after shear cracking to the initial elastic stiffness is 
in which 
fwy= yield strength of wall horizontal reinforcement 
Pwh= effective horizontal wall reinforcement ratio = Awslbes 
* in percent 
Aws=area of horizontal wall reinforcement within space, s 
s= spacing of horizontal wall reinforcement 
be=average thickness of wall section 
= 2bf hf +tw (L-2hf ) 
Lw 
* Variables are in Figure 3-20 
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(3.3) 
3.2.3.3 Parameters for Hysteretic Rules ofRC Shear Wall Model 
In the previous section, the backbone curves for flexural and shear springs were suggested 
from section analysis and a reference, respectively. Parameters for hysteretic rules of flexural 
and shear springs, on the other hand, are difficult to estimate using a rigorous procedure. In this 
study, the hysteretic rules were chosen to match the four shear wall test results by changing main 
parameters such as: 
1. Strength drop ratio, t (see Figure 3-18) 
2. Strength degradation factor, K = MynlMy, VynNy (see Figure 3-13) 
3. Pinching ratio, \V = V gl V y (see Figure 3-13 (b)) 
4. Slip coefficient, v (see Figure 3-13 (b)) 
The strength drop ratio is the moment strength after reaching maximum moment strength 
divided by the maximum strength, which mentioned in the previous section. As shown in Figure 
3-17, the examined moment strength drops gradually after the fracture of l~ngitudinal 
reinforcement, but the spring element in DRAIN-2DX can only simulate a sudden strength drop 
by a certain proportion. This ratio ultimately has no influence on the comparison of test and 
analytical results because the highest rotations of the specimens in the tests are between 0.02 and 
0.03 radian, but their calculated maximum rotations were around 0.07 radian. This strength drop 
ratio will be examined for time history analysis. 
The strength degradation factor is arbitrary when implemented into DRAIN-2DX. Strength 
becomes smaller as loading cycles increase because hysteretic energy dissipates during the cycle. 
The spring element in DRAIN-2DX, however, cannot reflect the energy dissipation by itself. 
This degradation factor can only reduce yielding strength if deformations go beyond the values 
in the previous cycle. In reality, strength drops even if deformations are not greater than the 
previous value. This can be seen in Figure 3-9 through Figure 3-12. To use this factor for 
dynamic analysis is more difficult than for static analysis because the path of hysteresis is very 
different depending on ground motions used. 
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Pinching behavior for the shear-shear distortion relationship was visible in all four of the test 
specimens (Figure 3-9 to Figure 3-12). This pinching comes from the opening and closing of 
shear cracks induced by load reversals. It is recognized that the pinching is a function of the 
amount of web reinforcement and the shear stress level of the shear walls, but no qualitative 
method exists for determining this. Table 3-9 gives the horizontal reinforcement ratios, 
normalized shear stresses, and pinching ratios of the test specImens. All the horizontal 
reinforcement ratios are more than the minimum ratio (0.25%) for shear walls designed by ACI 
318. Pinching ratios (VgNy) were measured directly from test results and calculated from 
moment strength. There exists only a small correlation between the horizontal reinforcement 
ratio andlor normalized shear stress and the measured pinching ratio. 
Table 3-9 Parameters for Shear Behavior of Test Specimens 
pn 1 (%) V/twLwJl2 VgN/ VgN/ (measured) (calculated) 
EERC-SW2 0.83 9.07 0.18 0.12 
PCA-R2 0.31 1.98 0.33 0.39 
PCA-B3 0.31 2.50 0.32 0.32 
Wallace-RWI 0.33 1.48 0.30 0.34 
1. Horizontal reinforcement ratio, see page xxi 
2. Normalized shear stress; V= applied shear, /; = concrete strength, 
tw = wall thickness, Lw = wall length 
Slip Coefficient 
(v) 
1.80 
1.55 
1.95 
1.20 
3. Vg and Vy come from shear-shear distortion plot in Figure 3-9 through Figure 3-12 
4. V g = Mcr/hw, Vy = Myfhw: 
Mer = cracked moment strength = S·Fer 
S = section modulus of wall section (gross) 
Fer = tensile strength of concrete = 10% of fe' 
My = yield moment strength 
hw = wall height 
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This study assumed that the variables for wall shear behavior were based on flexural 
behavior of wall. Yielding shear strength (Vy) was yield moment strength (My) divided by wall 
height (hw). Similarly, the pinching force was assumed as the cracking moment strength (Mer) 
divided by wall height. These calculated pinching ratios are presented in Table 3-9. The 
calculated ratios were not exactly the same as the measured ones, but very similar. 
In all the experimental hysteresis plots of shear-shear distortion relationships, slip can be 
observed, except for Wallace-RWI that does not quite show it. Like the pinching effect, this slip 
is hard to estimate and a rational method to calibrate it does not exist. With the values of the 
other parameters fixed, the slip coefficient, which is the ratio of "new" yield distortion to 
maximum distortion at the former step (Figure 3-13 (b)), was changed to match the measured 
and calculated hysteretic relationship for all three categories; moment-rotation, shear-shear 
distortion, and shear-top story displacement. The reSUlting values are provided in Table 3-9. 
Figure 3-9 through Figure 3-12 show the measured and calculated hysteresis plots. The 
measured and calculated moment-rotation and shear-top displacement relationships show good 
agreement with each other. The calculated shear-shear distortion relationships do not represent 
the measured ones as well as for the other relationships, but the difference is certainly acceptable 
considering the uncertainties in the modeling of shear behavior. Furthermore, Massone and 
Wallace (2004) said that the measured shear defonnations like for these specimens are 30 % 
larger than the ones for which flexural deformations inside the shear deformations are eliminated. 
This could explain why the calculated shear distortions were smaller than the measured one. 
However, the purpose of the model is to study global response, and small differences between 
observed and modeled shear deformation do not significantly affect the calculated global 
response. 
3.2.3.4 Results of Parametric Study 
Until now, static cyclic tests were studied to evaluate the analytical modeling. For the 
complete performance evaluation of shear wall buildings, however, it is necessary to run 
dynamic analyses. The results of the dynamic analyses are more difficult to predict than static 
analysis results. Some parameters that are not sensitive to static analysis can have much effect 
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on dynamic analysis, and vice versa. As a result, a parametric study was conducted to ensure 
reliability of the parameters for the hysteretic rules and to evaluate analytical modeling. 
Three different values were examined for each parameter. The values are presented below. 
1. Strength drop ratio, 't = 0.75, 0.50, 0.25 
2. Strength degradation factor, K = 0.95, 0.90, 0.85 
3. Pinching ratio, \V = VgI Vy, 1.5(VgI Vy), 0.5(VgI Vy) 
4. Slip coefficient, v = 1.0, 1.3, 1.5 
Changing the strength drop ratios has no effect on the cyclic behavior, as mentioned earlier. 
Their effect on the demand and capacity was also insignificant, so this ratio was kept as 0.50 
when the other parameters were changed. The value of strength degradation factor for a basic 
model was 0.95. Strength degradation always exists, but strength drop is already included, so a 
small value was assigned to add the degradation effect slightly. The method for finding the 
pinching ratio followed the one described above. The slip coefficient for the basic model was 
1.3 which will be explained below. 
The slip coefficients for static hysteresis data ranged from 1.20 to 1.95, as shown in Table 
3-9. For dynamic analysis, it was found that the use of coefficient values must be validated by 
analyzing flexure and shear components of drifts. The coefficient value of 1.95 was too high to 
be used for dynamic analysis because drift results showed very high values. This resulted from 
the numbers of load reversals for dynamic analysis being much more than for the static cyclic 
tests. The high numbers of reversals accumulate the effect of the slip coefficient, so that final 
shear distortions were exaggerated. The smaller values (1.0, 1.3, 1.5), therefore, were tried to 
figure out the influence of the coefficient on the contributions to flexural deformations, as well as 
the shear distortions, to total drifts. The calculated drift demands and capacities of SW9-2 were 
based on a single accelerogram, LA 36. The results are presented in Table 3-10. 
The total drifts at demand level (Sa = 1.2g), 4.18, 4.07, and 4.61 %, were not highly affected 
by the three different coefficients, 1.0, 1.3, and 1.5 respectively. The contribution of shear 
distortion to total drift increased slightly, from 33.5% to 34.6%, when the slip coefficient 
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increased from 1.0 to 1.3. The contribution increased more, from 34.6% to 43.4%, when the 
coefficient increased from 1.3 to 1.5. The flexural components were still dominant, even though 
the shear components increased to 40% on the demand side. On the other hand, the total drifts at 
capacity level (Sa = 3.0g), 7.81, 12.1, and 13.1 %, were affected significantly by the different 
coefficients, 1.0, 1.3, and 1.5 respectively. This is obvious because of the effect of accumulation 
of cycles. The contribution of shear distortions to total drifts went beyond 50% for the 
coefficient equal to 1.5. At v equal to 1.3, the contribution of both components was about 50%, 
so that this coefficient value was selected for the basic model. 
Table 3-10 Drift Demands and Capacities Depending on Slip Coefficient (SW9-2, LA 36) 
Drift-Demand Level Drift-Capacity Level 
Slip Component Sa = 1.2 g Sa = 3.0 g Coefficient 
(proportion to Total) (Proportion to Total) 
Flexure 
1.0 
2.78 (66.5) 6.03 (77.2) 
Shear 1.40 (33.5) 1.78 (22.8) 
Flexure 2.66 (65.4) 5.95 (49.2) 
1.3 
Shear 1.41 (34.6) 6.15 (50.8) 
Flexure 2.61 (56.6) 5.69 (43.4) 
1.5 
Shear 2.00 (43.4) 7.41 (56.6) 
Unit: 0/0 
The main parameters were varied to determine their effect on 'demand' and 'capacity' for 
the performance evaluation procedure. The sensitivities of the parameters were examined by the 
demand and capacity. The demand is the median value of the maximum drifts caused by twenty 
accelerograms, LA 21 to LA 40 (as described in Section 2.1). The capacity is the median value 
of the collapse drifts calculated by the IDA, but one accelerogram, LA 36, was picked to study 
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the sensitivity. One of the prototype buildings, SW9-2, was observed herein. The results of 
parametric study are presented in Table 3-11. 
The sensitivity of all the parameters showed reasonable results. The higher is the strength 
degradation factor, the lower is the demand and the higher the capacity. The higher the pinching 
factor, the lower the demand and the higher the capacity. The results from the slip coefficient 
were different from the other two parameters. The higher the slip coefficient, the higher the 
demand, but the capacities resulting from both v = 1.0 and 1.5 were smaller than the one from v 
= 1.3. On the demand side, no slip (v= 1.0) reduced the amount of shear distortion, so total 
demand got smaller. On the capac~ty side, the phenomenon was a little more complicated than 
on the demand side. The reason why the capacity at v = 1.0 was smaller than the one at v = 1.3 
was that flexural component of total drift was dominant. This made the P-il effect more severe 
so that the shear walls collapsed earlier. The capacity at v = 1.5 was also smaller, but the 
difference was not greater than the one at v = 1.0. This is because the contribution of shear 
distortions to total drift at both values was larger than the contribution at v = 1.0 as presented in 
Table 3-10. The total drift of the shear wall having v = 1.5 was larger than the one having v = 
1.3, so that the former shear wall collapse earlier than the latter one. 
The parametric study showed that the selected values for the basic model were reasonable 
because the differences due to the change of parameters were not significant. Figure 3-21 shows 
the IDA results for a total of seven cases and is a good example for maximum drift results on 
both the demand and capacity sides. The maximum drifts around the median demand level (Sa = 
1.2g) were almost identical with each other, and the ones around the median capacity level (Sa = 
3.0g) were scattered a little, but not severely. As a result, the values given in the first line of 
Table 3-10 were used for all the modeling in this study. 
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Table 3-11 Median Drift Demands and Capacities for Parametric Study 
Parameters Values Demand Capacity Cap acitylD emand 
K = 0.95 
\If = 0.23 0.0213 0.0489 2.30 
v = 1.30 
Strength K= 0.90 \If = 0.23 0.0214 0.0502 2.35 
Degradation K= 0.85 v = 1.30 0.0217 0.0444 2.05 
Pinching \If = 0.35 K= 0.95 0.0192 0.0522 2.72 
Factor \If = 0.11 v = 1.30 0.0245 0.0477 1.95 
Slip v = 1.00 K=0.95 0.0181 0.0416 2.30 
Coefficient 
v = 1.50 \If = 0.23 0.0244 0.0455 1.86 
4 ~------------------------------------------~ 
3 
__ 1.5 Pinching 
-~ 
ca 2 
en 
-.-Final 
--.- 0.5 Pinching I 
---"IE- Strength Degradation = 0.90 i 
1 
I 
--- Strength Degradation = 0.85 ! 
- Slip Coefficient = 1.0 
~ Slip Coefficient = 1.5 
'----------o ~--------~----------~--------------------~ 
0.00 0.04 0.08 
maximum drift ratio 
0.12 
Figure 3-21 IDAs for SW9-2 (Accelerogram: LA 36) 
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3.2.4 Modeling of Gravity Frame 
The gravity frame of the prototype building is a flat plate system. This system consists of 
only slabs and columns (without beams). The most commonly used analytical model for a slab-
column frame is composed of a typical beam and column model, by replacing the floor slabs 
with equivalent beams while the columns remain the same. Therefore, the issue is how to define 
the equivalent slab width. 
Many researchers have developed effective slab width models for the design process, but the 
effective width has not been often applied to the case of evaluation of a flat plate building. Luo 
and Durrani (1995 a, b) proposed an "effective beam width factor" and a "reduction factor", 
which are multiplied by the original slab width, for both interior and exterior connections. These 
factors can be used for both the design and analysis process. The effective beam width factor 
(ai) for an interior connection is, for O.5~Cl/C2~2.0 and O.5~11/h~2.0, 
(3.4) 
in which Cl = column dimension in bending direction; C2 = column dimension normal to 
bending direction; It = span length in the bending direction, center-to-center of columns; h = 
span length in the direction transverse to It, center-to-center of columns. The effective beam 
width factor (ue) for an exterior connection is 
(3.5) 
in which Kt = torsional stiffness of the torsional member as defined by ACI 318-02; Ks = 
flexural stiffness of the slab framing into the exterior connection. 
The effective beam width factor is revised by multiplying it by a reduction factor. The 
reduction factor for effective slab width (X) for an interior and exterior connection is 
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(3.6) 
in which Ac = area of slab along the critical section as specified by ACI 318-02; V g = direct 
shear force due to gravity load only. Then, the effective slab width is attained by the product a·x 
and h. The calculated effective slab widths are given in Table 3-12.' With these effective slab 
widths, the slabs were replaced in the models by the equivalent slabs. 
The hysteretic rules of the flat slabs and columns were the same as the one for the shear 
walls shown in Figure 3-13 (b), except that the slip effect was not included. The yield moments 
and curvatures of flat slabs and columns were calculated through section analysis. The same 
modeling parameters were assumed for both the slabs and columns of the flat-plate system: strain 
hardening ratio = 2%; pinching factor = 0.5; strength reduction factor = 0.90. These values were 
adopted from Hueste and Wight (1997). The unloading stiffness factor (y) was 0.5, which is 
denoted as 
k(unloading) = k(initial) ( :~ J (3.7) 
in which 9y = yield rotation; 9max = maximum rotation in the plastic hinge. Hueste and Wight 
(1997) used the y equal to 0.3, but the value assigned in DRAIN-2DX, 0.5, was kept herein. 
Table 3-12 Effective Slab widths of Prototype Buildings 
Interior Connection Exterior Connection 
Type 11 h 
a X leff a X leff 
SW3-1 240 264 0.51 0.81 109.1 0.95 0.75 188.1 
SW3-2 360 360 0.61 0.88 193.2 0.96 0.84 290.3 
SW9-1 240 264 0.74 0.92 179.7 0.99 0.90 235.2 
SW9-2 360 360 0.83 0.92 274.9 0.99 0.89 317.2 
SW12-2 360 360 0.88 0.92 291.5 0.99 0.90 320.7 
* Units for 11, h, leff: inch 
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3.2.5 Analytical Model for Prototype Building 
Figure 3-22 shows the analytical model for three-story prototype buildings. The elements 
for shear walls were described above. The shear walls and the flat plate system were linked by 
rigid truss elements. The equivalent beam and the column model in the flat plate system 
consisted of an elastic beam element and inelastic spring elements at the end of the member. The 
columns in moment frames, which are located at both edges of the flat plate system to the 
transverse direction, were excluded. They were modeled as elastic columns having hinges at 
both ends, which means that the contribution of the columns to the lateral resistance is ignored. 
As a result, the interior connections for equivalent beam were only modeled using inelastic 
rotational springs. 
One bay of the flat plate system to the transverse direction was approximately a quarter of 
the entire area, so a quarter of the total weight was used for a DRAIN-2DX input file. As a result, 
the properties of two walls were used for a single wall because the total number of the walls was 
eight, while the properties for the equivalent beam and column were based on the exact member 
sizes. Figure 3-23 and Figure 3-24 show that base shear (wall only) versus first story drift and 
moment versus rotation of first story column, respectively, for SW3-2 applied to LA 32. 
A DRAIN-2DX input file for SW3-2 is presented in Appendix. The inelastic spring element 
was based on a 'No. 10' element developed by Shi (1997). In the 'No. 10' element, 'Elasticity 
Code 4 - Concrete Connection Hystersis Model' was modified for this study. For concrete 
modeling, several parameters were added, which are a strength drop factor, a slip coefficient, and 
an unloading stiffness factor. Input formats for the modified 'Elasticity Code 4' are presented in 
Table A-I (Appendix). 
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Axial Spring Element 
Elastic Element 
Rigid Element 
Rotational Spring Element 
Figure 3-22 Analytical Model for Three Story Building 
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Shear (kips) 
-0.04 
1000 
-1000 
0.04 
Drift 
Figure 3-23 Base Shear (Wall only) versus First Story Drift for SW3-2 by LA 32 
Moment (kips-in) 15000 r 
10000 ~ 
-0.03 -0.02 
-15000 
0.03 
Rotation (rad) 
Figure 3-24 Moment versus Rotation for First Story Column of SW3-2 by LA 32 
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4 A Rational Approach for Determining Response Modification Factor, R 
4.1 Introduction 
This section is a part of a paper by Foutch and Wi1coski (2004). It is presented below with 
the consent of the authors. The content is edited to specifically fit the purpose of this study. 
The design spectrum given in current design provisions is assumed to be the median value at 
each period. Since a smooth spectrum curve is used, however, this is true only in a crude sense. 
For a given earthquake and site, it would not be surprising if the actual spectral acceleration for a 
given period is larger or smaller than the median value by a factor of two or more. Since median 
values are used for design, it might seem that only 50% of the buildings designed by the code 
will satisfy the performance objectives; this is clearly unacceptable. In reality, though, the 
factors for design on the capacity side of the equation have factors of safety embedded in them. 
The use of load and resistance factors from the material-specific design codes and the use of 
lower bound material properties greatly improve the potential for adequate seismic behavior. 
The point is, however, that the design community is not able to determine the expected behavior 
of a given design to any degree of certainty. 
A rigorous procedure developed for the SAC project allows the designer to evaluate the 
confidence level that a building will satisfy the design objective. For the SAC project, the goal 
was to achieve 90% confidence level that a building would achieve the Collapse Prevention 
performance level if subjected to the earthquake representing the hazard level of a 2% 
probability of being exceeded in 50 years (2/50). The same concepts developed for the SAC 
project may be used for developing a rational procedure for assigning R-values and other design 
coefficients. 
The proposed approach for determining the design coefficients will be based on the SAC 
results. The basic goal for determining these values is to provide a uniform confidence in 
satisfying the collapse prevention performance objective across all materials and structural 
systems. The target will be a 90% confidence in satisfying the global Collapse Prevention 
performance level for the 2/50-hazard level. A target of 50% confidence in satisfying the local 
Collapse Prevention performance objective for the same hazard level was also established for the 
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SAC project. Other performance objectives such as Immediate Occupancy or Operational can 
also be studied, but the main focus of this study is the Collapse Prevention performance level. 
4.2 Procedure for Determining R Factors 
A detailed description of all of the calculations required to implement this procedure is 
given in the following sections. None of the equations are new. They were all derived, 
described and utilized for the SAC project and may be found in the references presented in 
Section 4.3. 
The following steps were proposed by Foutch and Wilcoski (2004) and should be 
undertaken for the building system being calibrated: 
1. Define typical floor plans and other design details: 
Three-, nine- and twenty-story buildings were used by the SAC investigators. For this study, 
three-, nine- and twelve-story shear wall buildings were studied because of height limitations. 
The 1997 NEHRP provisions were used to design the SAC buildings that resulted in buildings 
with over a 900/0 confidence in satisfying the CP performance objective. More detailed 
information about the performance objective was given in Chapter 3. 
2. Define appropriate ground motions for the system being studied: 
A suite of twenty ground motions should be developed for the investigation. For broad 
applicability, these motions should not have near-fault effects. The near-fault effects were 
examined separately in determination of randomness factors, which is given in Section 4.4.1.1. 
Ground motions used in this study have already been presented in Section 2.1. 
3. Conduct a comprehensive literature review of component tests for selected 
structural systems: 
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For a building system under investigation, do the following: 
1) Develop a catalog of experimental results for member and sub-system response under 
cyclic deformations. It is important that tests include large deformations characteristic of the 
building as it approaches global or local collapse. 
2) Develop analytical models for all important components. 
3) Identify a computer program capable of incorporating these analytical member responses. 
Issues leading to local and global collapse should be identified. In some cases the tests may not 
have been taken all the way to collapse. In these instances the laboratory data must be 
supplemented with additional tests or detailed finite element investigations. 
For the following steps, main parameters should be introduced. The acceptance criterion is 
based on a confidence factor (A.) that is used to determine the confidence level. In equation form, 
this is expressed as: 
(4.1) 
where: 
b = estimate of median demand 
C = estimate of median capacity 
~ resistance factor 
Y demand factor 
Ya = analysis demand factor 
A. = confidence factor used to determine the confidence level 
The methods for calculation of these coefficients are described below. The factors, ~, Y and 
Ya in Equation (4.1) are based on the reliability work developed by J alayar and Cornell (2002) for 
the SAC project. A more detailed derivation of these equations is given by Jalayer and Cornell 
(2002) and Cornell et al. (2002). 
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4. Calculate the median drift demand, iJ: 
D is the estimate of the demand drift calculated using the proper hazard level response 
spectra and any analysis procedures calibrated as part of the SAC project; any commonly used 
nonlinear structural analysis program such as DRAIN-2DX (Prakash, et. al. 1993), DRAIN-3DX 
(Powell & Campbell 1994), or Open SEES (PEER 1997) may be used to calculate it. The 
median demand is based on the results of 20 accelerograms. The standard deviation of the log 6f 
the maximum story drifts, Bacc, is also determined for use in later steps. 
5. Calculate the collapse drift capacity, C : Section 4.3.1.1 
6. Determine the resistance factor, cp: Section 4.3.1.2 
7. Determine the demand factor, "f: Section 4.3.2.1 
8. Determine the analysis demand factor, "fa: Section 4.3.2.2 
9. Determine total uncertainty factor, ~UT: Section 4.3.3 
10. Calculate the confidence factor, A: Section 4.3.4 
11. Redesign the building and repeat steps 1 through 10: 
If the target confidence level is not achieved, the buildings will be redesigned using a 
different R-value. Based on the SAC results, the confidence level should be in the right vicinity 
if current design standards are used. This simplifies the process considerably. Assuming that all 
of the coefficients in Equation (4.1) for A will remain the same, one can back-calculate the drift 
demand required to achieve the desired confidence level and adjust R accordingly. 
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4.3 Reliability Format Evaluation Procedures 
After the Northridge and Kobe earthquakes, researchers and engineers have realized the 
weakness of current design procedure and the necessity of new concepts and methodologies for 
performance evaluation, as well as design, of buildings. The large uncertainty in both seismic 
loading and building performance is a main issue in the evaluation and design process. 
"Critical Issues in Developing Statistical Framework for Evaluation and Design" (Wen and 
Foutch, 1997) reviewed the state of the art of statistical and reliability methods that can be used 
for this purpose. Based on the review, a statistical and reliability framework was developed for 
the purpose of comparing and evaluating predictive models for structural performance evaluation 
and design. Hamburger (1996) and Jalayer and Cornell (1998) proceeded further. From this 
basis, the SAC Phase 2 Project adopted the load and resistance factor approach described below. 
Technical details and justifications of the proposed framework can be found in Luco and Cornell 
(1998), Jalayer and Cornell (1998), Hamburger, Foutch and Cornell (2000) and Yun and Foutch 
(2000). Finally, the load and resistance factor approach for the performance evaluation 
procedure developed based on the previous research is summarized in FEMA 355F. 
The content presented in this chapter is based on "Chapter 4, Statistical and Reliability 
Framework for Establishing Performance Objectives" in FEMA 355F. Since the report was 
prepared for steel moment frames, some parameters have been changed to fit for a reinforced 
concrete shear wall building within the statistical and reliability framework. 
4.3.1 Determination of Median Drift Capacity and Resistance Factors 
4.3.1.1 Determination of Drift Capacities, C 
Drift capacity, C, was determined based on two categories, global collapse and local 
collapse. The global collapse drift was calculated using the IDA procedure given in Section 2.3, 
which represents the capacity of the lateral load resisting system (i. e., shear wall), and Damage 
Index given in Section 2.4.2.2, which represents the capacity of the gravity resisting system (i. e., 
column of the flat-plate system). 
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The capacity based on local collapse was mentioned in the previous Section 2.4.1. This 
capacity was provided by the drift limit of the flat-plate system, when the slab of the system 
collapses. 
4.3.1.2 Determination of the Resistance Factor, cp 
This is based on the test results from laboratory investigations for local collapse or from 
IDA analyses for global capacity. It is a system resistance factor as opposed to a building 
component resistance factor given in building codes. 
The resistance factor, <p, accounts for the effect of randomness and uncertainty in the 
estimation process of {;. The capacity of the building against global collapse is affected by the 
earthquake accelerograms used in the IDA analyses. These accelerograms are part of a random 
process. The capacity is also affected by the uncertainty in the analytical modeling of the system. 
The local collapse capacity is also affected by uncertainties in the response of the components 
due to variable material properties and fabrication. 
The equation for calculating <I> is given by (Cornell et aI., 2002): 
where 
-k Pte 
¢uc = e 2b 
<p = Resistance factor 
<PRC = Contribution to <I> from randomness of the earthquake accelerograms 
<Puc = Contribution to <I> from uncertainties in measured connection capacity 
(4.2) 
(4.3) 
(4.4) 
PRC = (i) global: standard deviation of the natural logs of the drift capacities from IDA 
analysis, independent from the demand uncertainty 
(ii) local: 0.25 (0.20 in SAC project) 
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~uc = (i) global: dependent part of the demand capacity; negatively correlated to demand 
uncertainty; The values are given in Section 4.7. 
(ii) local: 0.30 (0.25 in SAC project) 
k = slope of the hazard curve (Section 4.5) 
b = 1.0 (Section 4.6) 
F or local collapse in the SAC proj ect, ~uc accounted for the uncertainty in the median drift 
capacity. This arose from uncertainties in material properties, weld properties, weld quality, and 
others. The ~RC term accounted for randomness in the natural log of the drift capacity resulting 
from the test setup, testing procedure and others. For this study, however, they cannot be used in 
the local collapse of the flat plate system. This study is for RC buildings, so the uncertainty and 
randomness in the RC structure should be larger than steel structure. The ~RC and ~uc for local 
collapse in this study, therefore, were assumed as 0.25 and 0.30, respectively, which were larger 
than the each value in the SAC project by 0.05. 
In Equations (4.3) and (4.4), ~RC and ~uc represent the standard deviation of the logs of the 
story drifts resulting from the randomness in the earthquake accelerograms and uncertainties in 
the component capacities, respectively. They are not the standard deviations of the variable 
themselves. This is a very important distinction and should help in understanding the equations 
below. All of the ~ values given below are for variations in story drifts and not the individual 
parameters themselves. 
The parameter b is related to the rate of change in capacity with respect to the rate of change 
in demand. A value of 1 was used by the SAC project, but it may differ for other structures and 
systems (Cornell et. aI., 2002). 
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4.3.2 Determination of Demand Factors, 1 and 1a 
Like the resistance factor, the demand factors, y's, are subject to both randomness and 
uncertainty. The randomness comes from the earthquake accelerograms and the orientation of 
the building with respect to the fault. The uncertainties come from the nonlinear time history 
analysis procedure, material property, and the damping and period of the structure. 
4.3.2.1 Determination of 1 
The demand factor, y, is associated with the randomness arising from the earthquake 
accelerograms and orientation of the building with respect to the fault. The randomness from the 
earthquake accelerograms can be obtained by calculating the variance of the natural log of the 
drift associated with the different accelerograms. The orientation is only a factor for near-fault 
sites such as California where known faults are mapped. For these sites, the fault-parallel and 
fault-normal directions of the structure experience very different excitation. For sites farther 
away from the fault, there is no statistical difference in the accelerograms recorded in different 
directions. 
The demand factor, y, is calculated as 
k fJiw 
r = e 2b (4.5) 
where ~RD = ~L f3i2 • The~? is the variance of the natural log of the drifts for each component 
of randomness. 
The ~ values for randomness determined for this study are given in Section 4.4.1. ~acc is 
related to the accelerograms, and ~or is related to the orientation of the fault. The ~acc' S were 
based on the results of the buildings, SW3-2, SW9-2, and SW12-2 applied to the 20 
accelerograms having 2/50 hazard level. The orientation factor was calculated in this study 
because the prototype buildings are located at downtown Los Angeles where the near fault effect 
is severe. The ~or' s were based on the same results as the ~acc' s, except that the accelerograms 
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have a near fault effect. The methodology of calculating the ~ values for randomness IS 
presented in Section 4.4.1. 
4.3.2.2 Determination of "fa 
The demand factor, Ya, is based on uncertainties related to the determination of demand, D. 
The calculation of the demand factor is of the same format, but there are different parameters. 
The equation is 
k f3~u 
Y
a 
= e 2 b (4.6) 
where ~RU = ~I fJi2 • The~? is the variance of the natural log of the drifts for each component 
of uncertainty. The ~ values for uncertainties detennined for this study are given in Section 
4.4.2. They are based on the same buildings and accelerograms as used in the demand factor, 
y, acrcroX1.a:tE8 0)1.1'11 pav80).lVEcrcr. 
The ~ from uncertainty is notated as ~a because it is related to analysis procedure. The ~a is 
composed of several parts and they are as follows: ~NTH is associated with uncertainties in the 
nonlinear time history analysis procedure; ~darnping is associated with uncertainty in estimating the 
damping value of the structure; ~period is associated with uncertainty in the period of the structure; 
~rnaterial is associated with uncertainty in a material property. 
The ~NTH was assumed to be 0.15, 0.20, and 0.25 for 3-story, 9-story and 20-story buildings, 
respectively, in SAC project. This study is for reinforced concrete shear wall buildings. The 
uncertainty in the analytical model of RC structure should be larger than steel structure. In this 
study, therefore, ~NTH'S increased and assumed to be 0.20 for 3-story building and 0.25 for 9-
and 12-story building. The background and procedure of finding other uncertainty factors is 
presented in Section 4.4.2. 
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4.3.3 Determination of J3UT 
The ~UT is a function of the total uncertainty, so it consists of uncertainties associated with 
the capacity as well as the demand. The J3s from randomness are not included in the J3UT. The J3s 
associated with the uncertainty only were used for computing the J3uc from the capacity side 
(Section 4.3.1.2) and the J3RU from the demand side (Section 4.3.2.2). The J3Ru is the square root 
of the sum of the squares of the J3s reSUlting from uncertainty in the analysis procedure. 
Therefore, the equation for calculating the total uncertainty is 
(4.7) 
4.3.4 Calculation of the Confidence Factor, A 
The confidence factor (J alayer and Cornell, 1998), A, depends on the slope of the hazard 
curve, k, and the uncertainty, but not randomness, associated with the natural log of the drifts. 
The equation for A is 
where 
A = confidence factor 
J3ui = L~i2 where J3i is for uncertainties in the demand and capacity but not 
randomness 
k = slope of the hazard curve 
Kx = standard Gausian variate associated with probability x of not being 
exceeded (found in standard probability tables). 
If the relationship given above is written in terms ofKx, 
Kx=[ln(A)+~.k.P~ lL 
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(4.8) 
(4.9) 
The acceptance criteria described in Section 4.2 is written in equation fonn as 
(4.10) 
For evaluation purposes, one can calculate A (4.10) and Kx (4.9). Then, the confidence level 
may be found in any probability book. With k and ~UT, the confidence level could be obtained 
from the calculated A value using Table 4-1. 
Table 4-1 A, as a Function of Confidence Level, Hazard Level Parameter k, and 
Uncertainty (3UT 
IConfidenceli 2% 5% 110% 1 20% \ 30% I 40% \ 50% 1 60%\ 70%1 80%) 90% I 95% I 98% J 
JiUT = 0.3 I 
~ 0.52 0.58 0.65 0.74 0.82 0.89 0.96 1.03 1.12 1.23 1.40 1.57 1.77 k=2 0.49 0.56 0.62 0.71 0.78 0.85 0.91 0.99 1.07 1.18 1.34 1.50 1.69 k=3 0.47 0.53 0.59 0.68 0.75 0.81 0.87 0.94 1.02 1.12 1.28 1.43 1.62 k=4 0.45 0.51 0.57 0.65 0.71 0.77 0.84 0.90 0.98 1.08 1.23 1.37 1.55 
JiUT = 0.4 
~ 0.41 0.48 0.55 0.66 0.75 0.83 0.92 1.02 1.14 1.29 1.54 1.78 2.10 k=2 0.37 0.44 0.51 0.61 0.69 0.77 0.85 0.94 1.05 1.19 1.42 1.65 1.94 k=3 0.35 0.41 0.47 0.56 0.64 0.71 0.79 0.87 0.97 1.10 1.31 1.52 1.79 k=4 0.32 0.38 0.43 0.52 0.59 0.66 0.73 0.80 0.90 1.02 1.21 1.40 1.65 
JiUT = 0.5 
~ 0.32 0.39 0.46 0.58 0.68 0.78 0.88 1.00 1.15 1.34 1.67 2.01 2.46 k=2 0.28 0.34 0.41 0.51 0.60 0.69 0.78 0.88 1.01 1.19 1.48 1.77 2.17 k=3 0.25 0.30 0.36 0.45 0.53 0.61 0.69 0.78 0.89 1.05 1.30 1.56 1.92 k=4 0.22 0.27 0.32 0.40 0.47 0.53 0.61 0.69 0.79 0.92 1.15 1.38 1.69 
JiUT = 0.6 
~ 0.24 0.31 0.39 0.50 0.61 0.72 0.84 0.97 1.14 1.38 1.80 2.24 2.86 k=2 0.20 0.26 0.32 0.42 0.51 0.60 0.70 0.81 0.96 1.16 1.51 1.87 2.39 k=3 0.17 0.22 0.27 0.35 0.43 0.50 0.58 0.68 0.80 0.97 1.26 1.56 2.00 k=4 0.14 0.18 0.23 0.29 0.36 0.42 0.49 0.57 0.67 0.81 1.05 1.31 1.67 
JiUT = 0.7 
~ 0.19 0.25 0.32 0.43 0.54 0.66 0.78 0.93 1.13 1.41 1.92 2.48 3.30 k=2 0.15 0.19 0.25 0.34 0.42 0.51 0.61 0.73 0.88 1.10 1.50 1.94 2.58 k=3 0.11 0.15 0.20 0.27 0.33 0.40 0.48 0.57 0.69 0.86 1.18 1.52 2.02 k=4 0.09 0.12 0.15 0.21 0.26 0.31 0.38 0.45 0.54 0.68 0.92 1.19 1.58 
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4.4 Modeling of Randomness and Uncertainty in the Evaluation Process 
Many parameters affect the response of the structure. They may arise in the middle of both 
the design and analysis processes. These include stiffness, material properties, and damping. In 
earthquake resistant design and analysis, the nature of the earthquake load is also a main 
parameter affecting the response, such as hazard level and orientation. The sensitivity in 
response due to these parameters is presented in this section. 
4.4.1 Determination of Randomness Factors 
The standard deviation, ~, of the natural log of the variable for randomness is discussed in 
this section. The ~ was based on the results of analyses of the prototype buildings, SW3-2, SW9-
2, and SW12-2 subjected to 20 accelerograms representing the 2/50 hazard level. 
4.4.1.1 Variability in Orientation of the Ground Motions, Por 
Variation of maximum drifts due to the randomness in the orientation of the structures to the 
ground motion was investigated. For this study, the near-field records used for the SAC project 
were the base motions in finding the ~-value for orientation. The individual components of each 
ground motion have been rotated 45 degrees away from the fault-normal (0°) and fault-parallel 
(90°) orientations. Ten 2-component acceleration time histories (NF 21 ....., NF 40), which were 
calculated from physical simulations of fault rupture and seismic wave propagation through soil 
strata, were used for this study. The hazard level is 2% probability of exceedance in 50 years. 
The equation for ~or is 
Por = (4.11) 
where, 
"'-0 ° = median drift for the 0° rotated (fault parallel) ground motions 
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A900 = median drift for the 90° rotated (fault normal) ground motions 
(jor = standard deviation of uniform distribution from 0° to 90° = 26° 
The median drifts for each orientation are calculated. Unlike the other factors, which are 
log-normally distributed functions, the orientation is a uniformly distributed function. The 
equation for the other factors is presented in Section 4.4.2. 
4.4.1.2 Variability in Hazard of the Ground Motions, Pace 
Pace is the standard deviation of the natural log of the maximum story drifts calculated for 
each of 10 to 20 representative accelerograms. Twenty accelerograms for the Los Angeles site 
were used to calculate the maximum drifts. 
4.4.2 Determination of Uncertainty Factors 
The standard deviation of the natural log of the variable, p, for uncertainty was determined 
in this study. The p was based on the 2/50 hazard level and the analyses of the prototype 
buildings, SW3-2, SW9-2, and SW12-2. The procedure for calculating the variance of the 
natural log of the maximum drift associated with different sources of uncertainty is presented in 
FEMA 355F and as follows: 
1. Run 10 or 20 time histories using the mean of the variable and call this value /J.I. 
2. Find the mean of the natural log of the corresponding maximum drift, AmI. 
3. Run 10 or 20 time histories using the mean+stdev of the variable and call this value /J.2. 
4. Find the mean of the natural log of the corresponding maximum drifts, Am2. 
5. Calculate the sensitivity, that is 
(Am2 -AmI) 
(Ji2 - JiI) 
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(4.12) 
6. The variance of the natural log of the drift with respect to the variable is the square of the 
sensitivity times the variance of the variable. 
(4.13) 
Therefore, 
Pln(Drlft) = (4.14) 
4.4.2.1 Variability in Damping of Structures, ~damping 
Uncertainty in estimating the damping of the structure was performed using a collection of 
measured data presented by Goe1 and Chopra (1997). They calculated the damping values 
through system identification. The damping values were arranged by heights. The number of 
damping values of reinforced concrete shear wall buildings was not very large. There were data 
for only four different heights. The least-squares regression line of the data was calculated for 
damping, assuming a constant variance, and is shown in Figure 4-1. The calculated standard 
deviation for the damping values was 1.31 %. 
As described above, the data were limited so the regression analysis was unbiased only in 
the height range of 90 ft to 150 ft. Therefore, the damping values for the height below 90 ft and 
above 150 ft were assumed as constant values, as presented in Figure 4-1. The mean damping 
value corresponding to the 3-story buildings, whose height is 39 ft, was 6.26%. The mean plus 
standard deviation value was 7.57% and the mean minus standard deviation value was 4.95% for 
the 3-story buildings. The mean damping value corresponding to the 9-story buildings, whose 
height is 117 ft, was 5.36%. The mean plus standard deviation value was 6.670/0 and the mean 
minus standard deviation value was 4.05% for the 9-story buildings. The mean value for the 12-
story buildings, whose height is 156 ft, was 4.34%. The mean plus standard deviation value was 
5.65% and the mean minus standard deviation value was 3.03% for the 12-story buildings. 
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Figure 4-1 Damping Values versus Building Height 
4.4.2.2 Variability in Period of Structures, J3period 
The uncertainty in estimating the period of the structure was performed using measured data 
that were also reported by Goel and Chopra (1997). The period data were picked from each RC 
shear wall building with its height. A similar procedure was taken for the period as for the case 
of the damping values of the structures. The plot of the data points and the nonlinear regression 
with an assumption of constant variance is shown in Figure 4-2. The calculated standard 
deviation was 0.27 sec. The mean period corresponding to the 3-story buildings, whose height is 
39 ft, was 0.232 sec. The mean plus standard deviation period was 0.502 sec. and the mean 
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mInus standard deviation period was negative for the 3-story buildings. The mean period 
corresponding to the 9-story buildings, whose height is 117 ft, was 0.757 sec. The mean plus 
standard deviation period was 1.027 sec. and the mean minus standard deviation period was 
0.487 sec. for the 9-story buildings. The mean period for the 12-story buildings, whose height is 
156 ft, was 1.032 sec. The mean plus standard deviation period was 1.301 sec. and the mean 
minus standard deviation period was 0.760 sec. for the 12-story buildings. 
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Figure 4-2 Period versus Building Height 
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4.4.2.3 Variability in Material Properties, ~material 
There are various material properties for structures in an analytical study, and their values 
have some effect on the results of the study. Two of them, the compressive strength of concrete 
and the yield strength of reinforcing bars, are primary parameters for analytical modeling. The 
variation in the strength of concrete does not significantly change the moment or shear strength 
of individual members. On the other hand, the variation of the strength of reinforcing bars could 
change the strength of the members substantially. On the basis of this, the effect of variation of 
the strength of reinforcing bars was considered in this study. Uncertainty in estimating the 
material properties of the structure was performed using measured data that were reported by 
Nowak and Szerszen (2001). 
Table 4-2 Statistical Parameters for Reinforcing Steel, Grade 60 ksi 
Bar Size Number of Samples Mean Yield Strength (ksi) COY 
#3 72 72.00 0.04 
#4 79 68.70 0.065 
#5 116 67.50 0.04 
#6 38 69.10 0.05 
#7 29 69.90 0.05 
#8 36 68.75 0.05 
#9 28 69.05 0.05 
#10 5 68.25 0.04 
#11 13 68.75 0.035 
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The measured data are shown in Table 4-2. The table provides the numbers of bar tested, as 
well as the mean values and coefficient of variation for each bar size. The mean value of all the 
bar sizes was ,found by summing the number of each bar size times its mean value and dividing 
the sum by the total number of tested bars. The calculated mean value of the yield strength of all 
bars was 68.5 ksi. The standard deviation of all bar sizes was not exactly calculated using the 
given data, but rather it was only approximated. The calculated mean value of whole bar size 
was not significantly different from the mean value of each bar size. If each mean value is 
assumed to be the same as the calculated mean, then, the standard deviation may be obtained as 
the square root of the sum of the ratio of the number of each bar to the total number times the 
square of the standard deviation of each bar. The calculated standard deviation of the yield 
strength of all bars was approximately 3.5 ksi, and the coefficient of variation was 0.05. With 
this mean and standard deviation, uncertainty in estimating the material property was found, 
using the same procedure as used for period and damping. 
4.5 Local Variation of the Slope of the Hazard Curve, k 
The slope of the hazard curve, k, is easily calculable from information given by the U.S. 
Geological Survey (FEMA 355F). This parameter is a function of the hazard level, location, and 
period. USGS maps give Ss and Sl for the 2/50 and 50/50 hazard levels for all locations in the 
U.S. This information is also available on their web site (http://eqhazmaps.usgs.gov). The 
hazard curve is a plot of probability of exceedance of a spectral ordinate versus spectral 
amplitude for a given period and is usually plotted on a log-log scale. In functional form it is 
expressed as 
(4.15) 
The value of k can be obtained by re-arranging the above equation with the two spectral 
values for any two hazard levels. In this study, 2% in 50 years and 10% in 50 years hazard levels 
were used to calculate the slope of the curve, k. The equation is in the form 
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In[~Sa!O% ] 
k = Sa2% 
In[ Sa2% ] 
Sal 0% 
where, 
Sa 10% = spectral amplitude for 10/50 hazard level 
Sa 2% = spectral amplitude for 2/50 hazard level 
Hsa(Sa 10rJ = probability of exceedance for 10% in 50 years = 1/474 = 0.0021 
Hsa(Sa 2rJ = probability of exceedance for 2% in 50 years = 112475 = 0.00040 
i = period of interest (0.3 second for Ss and 1.0 second for Sl) 
(4.16) 
The hazard level for a given postal zip code in the USGS web site can be used to find k. For 
the zip code of the Los Angeles site (90012), the Sl for the 10% in 50 year hazard level and 2% 
in 50 year hazard level are 0.45g and 0.77g, respectively. An example of a hazard curve for the 
Los Angeles site is shown in Figure 4-3. 
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3.0 
4.6 Determination of b Value 
The parameter b is related to the rate of change in capacity with respect to the rate of change 
in demand. The relationship is assumed to be in the form of (FEMA 355F) 
where, 
e = story drift angle of the structure 
Sa = spectral acceleration at the period of the structure 
b = slope of the curve 
Taking the natural log of each side of this equation results in 
When equation (4.18) is re-arranged to a more familiar form for plotting 
( 4.17) 
(4.18) 
(4.19) 
So, the term lib represents the slope of the curve. Therefore, the larger is the value ofb, the 
smaller is the slope of the curve. According to Yun (2000), taking b as 1.0 is reasonable for 
demand calculation, but b is changed significantly with different ground motions in calculating 
the capacity so the determination of an exact b value is challenging. For simplicity, 1.0 was used 
there for both demand and capacity, which has also been adopted in this study. 
4.7 Coupling and Double Counting of Uncertainties in Capacity and Demand 
The correlation between the demand and the capacity is negative, i. e., the lower demand the 
higher capacity. For simplicity and conservatism, it was assumed to be perfectly negative (Yun, 
2000). The uncertainty in capacity due to stiffness is zero because the stiffness would not affect 
drift capacity, which is dominated by the P-delta effect, so that the dependency for both demand, 
~dd, and capacity, ~cd, will be those for the nonlinear time history only. Therefore, J2p. PNTH 
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should be added to the uncertainty in global capacity. Since p for perfectly negative correlation 
is -1, the additional uncertainty becomes .fi. f3NTH. Finally, the variance in the global capacity 
is in the fonn 
where, 
~Ui = independent part of uncertainty 
~Ud = dependent part of uncertainty 
~dd = dependent part of demand 
~cd = dependent part of capacity 
and the variances are as follow: 
Table 4-3 Uncertainty Factor for the Global Capacity 
3 story 9 story 12 story 
~NTH 0.20 0.25 0.25 
~u 0.35 0.43 0.43 
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5 Performance Evaluation ofRC Shear Wall Buildings 
5.1 Introduction 
New reinforced concrete shear wall buildings, of 3-, 9-, and 12- stories, which were 
designed by current design codes, were evaluated using a performance-based approach described 
in the previous sections. Two prototypes having different floor plans were studied for 3- and 9-
story buildings, while only the prototype that has the larger floor plan was studied for 12-story 
buildings. The calculated periods from analytical models of the prototype buildings are 
presented in Table 5-1. The periods were the bases of various results in this chapter. It should 
be noted that the periods were based on cracked sections. 
On the capacity side, drift capacities (C) and the standard deviation of the natural logs of 
drift capacities (PRe) were calculated for both floor plan types. On the demand side, median drift 
demands (b) and the standard deviation of the natural log of the drift demands (Pace) were also 
calculated for both floor plans, but the remaining randomness and uncertainty factors were 
developed for only the larger floor plan type (SW3-2, SW9-2, and SW12-2) because that plan 
was judged to better reflect current design and construction trends. 
The calculated drift capacities were found for three limit state performance levels, two for 
global collapse and one for local collapse. One capacity of the two for global collapse was 
decided by IDA, the other was determined by a Damage Index. The one for local collapse was 
decided by failure of the flat plate floor slab. The explanation of the capacities was already 
presented in Section 2.4. As described in Section 2.4.2.1 :- "Collapse of Shear Wall Building", 
drift has a different meaning for the global collapse of shear walls. The drift of each story was 
revised by subtracting the contribution of the rotation at the previous story to the current story 
drift. For the global and local collapse of gravity frames, the drifts were just the usual inter-story 
drifts. As a result, the maximum drifts for the shear walls were mostly located at the first story 
because the inelastic deformation is concentrated at the first story, so the deformations in the 
other stories are from elastic deformation only, or with a small inelastic behavior. 
The calculated parameters from the performance evaluation, for which the procedure is 
described in Section 4.2, are presented in this chapter. The parameters are arranged in the same 
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order as presented in the procedure, given here in Sections 5.2 through 5.5. After observing the 
confidence levels of the prototype buildings, several issues arising during the perfonnance 
evaluation were studied. Section 5.6 investigates the influence of drift capacity limits for shear 
walls on confidence levels. Section 5.7 looks at the influence of no shear reinforcement for flat 
plate floor slabs on confidence levels. Section 5.8 discusses the influence of the slip coefficient 
for the shear wall model on confidence levels. 
Table 5-1 Calculated Periods for Prototype Buildings 
SW3-1 SW3-2 SW9-1 SW9-2 SW12-2 
Period (sec.) 0.447 0.327 1.211 0.903 1.357 
5.2 Calculated Median Drift Demands and f3acc 
Median drift demands were based on the maximum story drifts, resulting from the nonlinear 
time history analyses using twenty ground motions, LA 21 '""-J 40, having a 2% probability of 
being exceeded in 50 years. The standard deviations of the log of the maximum story drift 
demands, ~acc, were also calculated with the median drift demands. 
5.2.1 Median Drift Demands and f3acc for the Global Collapse of Shear Walls 
Figure 5-1 shows the calculated median drift demands and f3acc's for the global collapse of 
the shear wall buildings. The median drifts decreased as the number of stories increased (Figure 
5-1). One reason for this is that the period increased as the number of stories increased, while 
the amplitude of the response spectrum decreases with period. Another reason is that the P-~ 
effect is not severe in the prototype buildings because the stiffuess of shear wall buildings is very 
high and the number of shear walls (eight) is large as well. The drifts for wider plan types, SW3-
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2 and SW9-2, were smaller than for the shorter plan types, SW3-1 and SW9-1. The difference in 
stiffness may be one of the reasons. In the design process, the length of shear walls was 
basically decided by the bay length, and the thickness of the walls was decided with 
consideration for the space for placing reinforcing bars. This resulted in the high stiffness for the 
wider plan types. ~acc' S also decreased as the number of story increased because the standard 
deviation of response spectra amplitudes for long periods are smaller than for short periods, as 
shown in Figure 2-1. Table 5-2, Table 5-3, and Table 5-4 present the calculated maximum drifts 
for SW3-1 and SW3-2, SW9-1 and SW9-2, and SW12-2, respectively, for twenty accelerograms. 
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Table 5-2 Calculated Median Drift Demand and ~acc for Global Collapse of Shear Walls 
(SW3-1 and SW3-2) 
SW3-1 SW3-2 
Max. Drift LN() Max. Drift LN() 
LA21 0.0399 -3.2218 0.0531 -2.9364 
LA22 0.0309 -3.4772 0.0336 -3.3944 
LA23 0.0181 -4.0116 0.0144 -4.2416 
LA24 0.0338 -3.3872 0.0256 -3.6663 
LA25 0.0300 -3.5077 0.0220 -3.8163 
LA26 0.0366 -3.3079 0.0283 -3.5646 
LA27 0.0313 -3.4638 0.0267 -3.6247 
LA28 0.0206 -3.8816 0.0216 -3.8364 
LA29 0.0154 -4.1729 0.0161 -4.1288 
LA30 0.0274 -3.5969 0.0224 -3.7998 
LA31 0.0305 -3.4887 0.0290 -3.5393 
LA32 0.0397 -3.2276 0.0339 -3.3851 
LA33 0.0218 -3.8273 0.0170 -4.0732 
LA34 0.0218 -3~8279 0.0193 -3.9500 
LA35 0.0505 -2.9851 0.0334 -3.3978 
LA36 0.0501 -2.9938 0.0271 -3.6094 
LA37 0.0301 -3.5031 0.0143 -4.2443 
LA38 0.0382 -3.2653 0.0147 -4.2194 
LA39 0.0072 -4.9353 0.0097 -4.6344 
LA40 0.0192 -3.9542 0.0078 -4.8562 
Mean (LN) -3.6018 -3.8459 
Median iJ 0.0273 iJ 0.0214 
STD (LN) J3acc 0.4544 J3acc 0.4587 
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Table 5-3 Calculated Median Drift Demand and ~acc for Global Collapse of Shear Walls 
(SW9-1 and SW9-2) 
SW9-1 SW9-2 
Max. Drift LN(Max. Drift) Max. Drift LN(Max. Drift) 
LA21 0.0212 -3.8516 0.0229 -3.7769 
LA22 0.0152 -4.1853 0.0176 -4.0422 
LA23 0.0139 -4.2781 0.0083 -4.7887 
LA24 0.0268 -3.6197 0.0274 -3.5972 
LA25 0.0122 -4.4035 0.0141 -4.2590 
LA26 0.0221 -3.8122 0.0190 -3.9641 
LA27 0.0428 -3.1503 0.0264 -3.6333 
LA28 0.0217 -3.8327 0.0207 -3.8777 
LA29 0.0239 -3.7345 0.0145 -4.2304 
LA30 0.0327 -3.4198 0.0260 -3.6480 
LA31 0.0214 -3.8440 0.0215 -3.8375 
LA32 0.0227 -3.7835 0.0226 -3.7897 
LA33 0.0257 -3.6599 0.0215 -3.8375 
LA34 0.0236 -3.7465 0.0230 -3.7738 
LA35 0.0331 -3.4080 0.0412 -3.1891 
LA36 0.0332 -3.4057 0.0407 -3.2011 
LA37 0.0246 -3.7049 0.0219 -3.8232 
LA38 0.0423 -3.1638 0.0298 -3.5122 
LA39 0.0111 -4.5001 0.0097 -4.6379 
LA40 0.0337 -3.3894 0.0280 -3.5748 
Mean (LN) -3.7447 -3.8497 
Median D 0.0236 D 0.0213 
STD (LN) J3acc 0.3765 J3acc 0.4026 
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Table 5-4 Calculated Median Drift Demand and J3acc for Global Collapse of Shear Walls 
(SW12-2) 
SW12-2 
Max. Drift LN(Max. Drift) 
LA21 0.0166 -4.0993 
LA22 0.0094 -4.6704 
LA23 0.0094 -4.6697 
LA24 0.0176 -4.0405 
LA25 0.0184 -3.9955 
LA26 0.0120 -4.4199 
LA27 0.0206 -3.8813 
LA28 0.0174 -4.0513 
LA29 0.0111 -4.4993 
LA30 0.0258 -3.6591 
LA31 0.0139 -4.2729 
LA32 0.0257 -3.6615 
LA33 0.0137 -4.2919 
LA34 0.0143 -4.2495 
LA35 0.0309 -3.4780 
LA36 0.0205 -3.8861 
LA37 0.0164 -4.1118 
LA38 0.0261 -3.6468 
LA39 0.0079 -4.8467 
LA40 0.0174 -4.0538 
Mean (LN) -4.1243 
Median b 0.0162 
STD (LN) (3acc 0.3726 
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5.2.2 Median Drift Demands and J3acc for the Global and Local Collapse of Flat Plate 
Floor System 
Figure 5-2 shows that the calculated median drift demands and Pace's for the global and local 
collapse of the flat plate floor system. The drift demands for the flat plate floor system were the 
same as or larger than the ones for global collapse of the shear walls. The largest drift demands 
for three-story buildings are usually located at the first story, as exhibited in Figure 5-3, so both 
results showed exactly the same values. For nine- and twelve-story buildings, the drifts in upper 
stories can sometimes be the largest drift demands because of higher mode effects. This can be 
observed in Figure 5-4 and Figure 5-5. The maximum drift demands for the twelve-story 
buildings were mostly located in the upper stories. As a result, the median drift demands for the 
global and local collapse of the flat plate system in the nine- and twelve-story buildings were 
larger than for the global collapse of the shear walls in the previous section, but the difference 
was not severe. Table 5-5, Table 5-6, and Table 5-7 present the calculated maximum drifts for 
SW3-1 and SW3-2, SW9-1 and SW9-2, and SW12-2, respectively, for twenty accelerograms. 
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Table 5-5 Calculated Median Drift Demand and Pace for the Global and Local Collapse of 
Flat Plate Floor System (SW3-1 and SW3-2) 
SW3-1 SW3-2 
Max. Drift LN() Max. Drift LN() 
LA21 0.0399 -3.2218 0.0496 -3.0034 
LA22 0.0309 -3.4772 0.0342 -3.3751 
LA23 0.0181 -4.0116 0.0144 -4.2420 
LA24 0.0338 -3.3872 0.0253 -3.6787 
LA25 0.0300 -3.5077 0.0229 -3.7751 
LA26 0.0358 -3.3285 0.0302 -3.4993 
LA27 0.0313 -3.4638 0.0272 -3.6039 
LA28 0.0206 -3.8816 0.0206 -3.8809 
LA29 0.0154 -4.1729 0.0152 -4.1862 
LA30 0.0274 -3.5969 0.0263 -3.6392 
LA31 0.0305 -3.4887 0.0286 -3.5529 
LA32 0.0397 -3.2276 0.0339 -3.3849 
LA33 0.0218 -3.8273 0.0184 -3.9937 
LA34 0.0218 -3.8279 0.0146 -4.2268 
LA35 0.0505 -2.9851 0.0326 -3.4235 
LA36 0.0501 -2.9938 0.0296 -3.5197 
LA37 0.0313 -3.4651 0.0140 -4.2696 
LA38 0.0382 -3.2653 0.0156 -4.1627 
LA39 0.0072 -4.9353 0.0095 -4.6536 
LA40 0.0192 -3.9542 0.0078 -4.8521 
Mean (LN) -3.6010 -3.8462 
Median iJ 0.0273 iJ 0.0214 
STD (LN) l3acc 0.4542 l3acc 0.4676 
99 
Table 5-6 Calculated Median Drift Demand and ~acc for the Global and Local Collapse of 
Flat Plate Floor System (SW9-1 and SW9-2) 
SW9-1 SW9-2 
Max. Drift LN(Max. Drift) Max. Drift LN (Max. Drift) 
LA21 0.0212 -3.8516 0.0237 -3.7422 
LA22 0.0152 -4.1853 0.0202 -3.9008 
LA23 0.0139 -4.2781 0.0085 -4.7620 
LA24 0.0268 -3.6197 0.0252 -3.6821 
LA25 0.0148 -4.2152 0.0157 -4.1542 
LA26 0.0221 -3.8122 0.0211 -3.8579 
LA27 0.0428 -3.1503 0.0246 -3.7031 
LA28 0.0217 -3.8327 0.0261 -3.6455 
LA29 0.0239 -3.7345 0.0155 -4.1698 
LA30 0.0303 -3.4969 0.0244 -3.7152 
LA31 0.0214 -3.8440 0.0235 -3.7496 
LA32 0.0227 -3.7835 0.0232 -3.7633 
LA33 0.0257 -3.6599 0.0235 -3.7495 
LA34 0.0236 -3.7465 0.0224 -3.8005 
LA35 0.0331 -3.4080 0.0410 -3.l951 
LA36 0.0332 -3.4057 0.0370 -3.2956 
LA37 0.0251 -3.6845 0.0207 -3.8782 
LA38 0.0423 -3.1638 0.0322 -3.4360 
LA39 0.0140 -4.2721 0.0094 -4.6652 
LA40 0.0337 -3.3894 0.0293 -3.5318 
Mean (LN) -3.7267 -3.8199 
Median b 0.0241 b 0.0219 
STD (LN) J3acc 0.3356 J3acc 0.3864 
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Table 5-7 Calculated Median Drift Demand and J3acc for the Global and Local Collapse of 
Flat Plate Floor System (SW12-2) 
SW12-2 
Max. Drift LN(Max. Drift) 
LA21 0.0192 -3.9515 
LA22 0.0119 -4.4306 
LA23 0.0111 -4.5051 
LA24 0.0205 -3.8858 
LA25 0.0267 -3.6240 
LA26 0.0181 -4.0115 
LA27 0.0218 -3.8265 
LA28 0.0188 -3.9746 
LA29 0.0111 -4.4993 
LA30 0.0257 -3.6612 
LA31 0.0200 -3.9100 
LA32 0.0257 -3.6615 
LA33 0.0166 -4.1010 
LA34 0.0161 -4.1312 
LA35 0.0250 -3.6879 
LA36 0.0286 -3.5534 
LA37 0.0204 -3.8932 
LA38 0.0336 -3.3944 
LA39 0.0122 -4.4103 
LA40 0.0297 -3.5176 
Mean (LN) -3.9315 
Median 0.0196 
STD (LN) f3acc 0.3344 
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5.3 Calculated Collapse Drift Capacities and Resistance Factors 
As mentioned above, three different collapse drift capacities are needed. These are global 
collapse of the building or a gravity column and local collapse of the floor system. All three 
capacities and their resistance factors were calculated separately and they will be used for 
confidence level calculations. 
5.3.1 Global Collapse Drift Capacities and Resistance Factors for Shear Walls by IDA 
Global collapse drift capacities for shear walls are the median values of the drift capacities 
through the entire story determined from IDA, described in Section 2.3, for the twenty ground 
motions. The standard deviations of the log of the drift capacities, ~RC, were also calculated with 
the drift capacities. 
Table 5-8 presents the calculated story drift capacities, which vary between 6% and 9%. 
Table 5-9 presents the calculated resistance factors. ~RC'S were calculated at the same time as 
the drift capacities and ~uc' s were already described in Section 4.7. <PRC' s and <Puc's were 
detennined from the ~RC'S and ~uc's by Equations (4.3) and (4.4), respectively. Resistance 
factors (<p) were then calculated by the product of <PRC and <Puc. 
In general, the capacities become smaller as the number of stories increases. This- is because 
P-Ll effects are greater for taller buildings. As mentioned in "Section 2.3, Incremental Dynamic 
Analysis", many individual IDA's show no collapse even at high spectral acceleration, which is 
the result of low P-Ll effects. The larger is the default drift limit, the higher is the median value 
and the higher is the capacity. If individual capacities for SW3-1 or SW9-2 were investigated, it 
can be found the number is larger than the other buildings. While the capacities are similar for 
three- and nine-story buildings, the capacity for a twelve-story building is different. The number 
of 0.10's in the capacity for SW12-2 was smaller than for the others. That is to say, the capacity 
was smaller than the others and this means that the P-Ll effect is relatively larger than in the other 
story buildings even though the overall effect is low. This explanation can be applied to two 
nine-story buildings. The design base shear for SW9-2 was about twice that for SW9-1, which 
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was presented in Table 3-3. That means SW9-2 has twice as much strength as SW9-1. The P-~ 
effect is proportional to lateral displacement. If both SW9-1 and SW9-2 experience the same 
drift, SW9-1 feels more P-Ll force. As a result, the drift capacity for SW9-1 was smaller than 
SW9-2. For three-story buildings, on the other hand, this P-~ effect is almost nonexistent. 
The drift capacity for SW12-2 was much lower than for the other buildings. This resulted 
from the fact that the number of individual capacities equal to 0.10 was very small and the 
several capacities were very low (Table 5-12). This can be explained by the fact that P-~ effects 
have greater influence on the capacities at the collapse level. As described above, the drift limit 
was a very significant parameter for determining the drift capacity. The drift limit was also 
important for the confidence level. The effect of drift limit will be examined later. Table 5-10, 
Table 5-11, and Table 5-12 present the calculated maximum drifts for SW3-1 and SW3-2, SW9-
1 and SW9-2, and SW12-2, respectively, for twenty accelerograms. 
Table 5-8 Calculated Drift Capacities for Global Collapse of Shear Walls 
SW3-1 SW3-2 SW9-1 SW9-2 SW12-2 
Drift Capacities, 0.088 0.086 0.078 0.088 0.068 
C 
Table 5-9 Calculated Resistance Factors for Global Collapse of Shear Walls 
~RC $RC ~uc $uc cp 
SW3-1 0.18 0.95 0.35 0.83 0.79 
SW3-2 0.27 0.90 0.35 0.83 0.75 
SW9-1 0.21 0.93 0.43 0.76 0.71 
SW9-2 0.18 0.95 0.43 0.76 0.72 
SW12-2 0.43 0.76 0.43 0.76 0.58 
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Table 5-10 Calculated Median Drift Capacities and ~RC for Global Collapse of Shear Walls 
(SW3-1 and SW3-2) 
SW3-1 SW3-2 
Max. Drift LN() Max. Drift LN() 
LA21 0.1000 -2.3026 0.1000 -2.3026 
LA22 0.1000 -2.3026 0.1000 -2.3026 
LA23 0.1000 -2.3026 0.1000 -2.3026 
LA24 0.0947 -2.3570 0.1000 -2.3026 
LA25 0.0786 -2.5434 0.1000 -2.3026 
LA26 0.1000 -2.3026 0.0461 -3.0769 
LA27 0.1000 -2.3026 0.1000 -2.3026 
LA28 0.1000 -2.3026 0.1000 -2.3026 
LA29 0.0836 -2.4817 0.0604 -2.8068 
LA30 0.0728 -2.6200 0.1000 -2.3026 
LA31 0.1000 -2.3026 0.1000 -2.3026 
LA32 0.0890 -2.4191 0.1000 -2.3026 
LA33 0.0876 -2.4350 0.1000 -2.3026 
LA34 0.0948 -2.3560 0.1000 -2.3026 
LA35 0.0894 -2.4146 0.0814 -2.5084 
LA36 0.0852 -2.4628 0.0849 -2.4663 
LA37 0.1000 -"2.3026 0.0849 -2.4663 
LA38 0.0527 -2.9431 0.0451 -3.0989 
LA39 0.1000 -2.3026 0.1000 -2.3026 
LA40 0.0592 -2.8268 0.0602 -2.8101 
Mean (LN) -2.4291 -2.4584 
Median " 0.0881 " 0.0856 C C 
STD (LN) J3RC 0.1822 J3RC 0.2672 
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Table 5-11 Calculated Median Drift Capacities and ~RC for Global Collapse of Shear Walls 
(SW9-1 and SW9-2) 
SW9-1 SW9-2 
Max. Drift LN() Max. Drift LN() 
LA21 0.0742 -2.6010 0.1000 -2.3026 
LA22 0.0576 -2.8542 0.1000 -2.3026 
LA23 0.1000 -2.3026 0.1000 -2.3026 
LA24 0.0765 -2.5705 0.1000 -2.3026 
LA25 0.0982 -2.3207 0.1000 -2.3026 
LA26 0.1000 -2.3026 0.1000 -2.3026 
LA27 0.0681 -2.6868 0.1000 -2.3026 
LA28 0.0709 -2.6465 0.0783 -2.5472 
LA29 0.0505 -2.9858 0.0547 -2.9059 
LA30 0.0498 -2.9997 0.0679 -2.6897 
LA31 0.0833 -2.4853 0.1000 -2.3026 
LA32 0.0929 -2.3762 0.0933 -2.3719 
LA33 0.0915 -2.3914 0.1000 -2.3026 
LA34 0.1000 -2.3026 0.1000 -2.3026 
LA35 0.0807 -2.5170 0.0692 -2.6708 
LA36 0.0849 -2.4663 0.0892 -2.4169 
LA37 0.0749 -2.5916 0.1000 -2.3026 
LA38 0.0843 -2.4734 0.0954 -2.3497 
LA39 0.0648 -2.7364 0.0685 -2.6809 
LA40 0.0798 -2.5282 0.0765 -2.5705 
Mean (LN) -2.5569 -2.4266 
Median C 0.0775 C 0.0883 
STD (LN) J3RC 0.2129 J3Rc 0.1831 
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Table 5-12 Calculated Median Drift Capacity and i3RC for Global Collapse of Shear Walls 
(SW12-2) 
SW12-2 
Max. Drift LN(Max. Drift) 
LA21 0.0842 -2.4746 
LA22 0.0368 -3.3023 
LA23 0.0852 -2.4628 
LA24 0.1000 -2.3026 
LA25 0.1000 -2.3026 
LA26 0.1000 -2.3026 
LA27 0.0488 -3.0200 
LA28 0.0548 -2.9041 
LA29 0.0644 -2.7426 
LA30 0.0219 -3.8213 
LA31 0.0936 -2.3687 
LA32 0.1000 -2.3026 
LA33 0.0888 -2.4214 
LA34 0.0914 -2.3925 
LA35 0.0773 -2.5601 
LA36 0.0661 -2.7166 
LA37 0.0781 -2.5498 
LA38 0.0788 -2.5408 
LA39 0.0319 -3.4451 
LA40 0.0531 -2.9356 
Mean(LN) -2.6934 
Median C 0.0676 
STD (LN) ~RC 0.4270 
106 
5.3.2 Global Collapse Drift Capacities and Resistance Factors for Flat Plate Floor System 
by Damage Index 
Global collapse drift capacities for the flat plate floor system were calculated from the 
Damage Index for columns in the gravity load resisting system. The analysis was repeated by 
increasing the ground motions incrementally like the IDA, but the collapse drifts were 
determined when the Damage Index exceeded 1.0. The calculated drift capacities for global 
collapse of flat plate floor system by Damage Index were 0.10 for SW3-1, SW3-2, and SW9-1. 
This means the Damage Index never reached 1.0 until the story drifts reached 0.10. This result 
came from the high ductility of the columns. 
Table 5-13 presents the parameters for the Damage Index calculation. The equations for the 
parameters are given in Section 2.4.2.2. The ultimate deformation, ~, is very high for SW3-1, 
SW3-2, and SW9-2. The smallest ultimate deformation is 28.2 inch for SW12-2. The ratio of 
the ultimate deformation to story height is 28.21156 = 0.18, which is much larger than drift limit, 
0.10. This implies that the story drifts from the maximum deformation during the earthquake, 8M, 
should be 0.18 for the Damage Index to equal 1.0, if we neglect the proportion of the dissipated 
energy to the Damage Index. The effect of the dissipated energy on the Damage Index is small 
because of the high ~ and the low /3. As can be seen the Equation (2.5), the high ~ and the low 
/3 decrease the effect of the dissipated energy on the Damage Index. The Damage Index, 
therefore, would be over 1.0 if the story drifts go beyond the drift limit, 0.10. The ultimate 
deformations for the SW3-1 and SW3-2 are larger than for SW9-1. As a result, the drift 
capacities for the global collapse of the columns of flat plate system are 0.10 for the three 
buildings. The ~RC for the three buildings was zero. 
It should be noted that a single curvature was assumed for the Damage Index calculation 
because the deformation of the flat plate system is likely to follow that of the shear wall. In 
reality, the single curvature is not an exact shape. The shape will be between single and double. 
If a double curvature deformation is assumed, then the result will be highly conservative. 
The calculated median drift capacities are presented in Table 5-14. The calculated 
resistance factors are presented in Table 5-15. The calculated drift capacities for SW9-2 and 
SW12-2 are presented in Table 5-16. 
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Table 5-13 Calculated Damage Index Parameters for the First Story Columns 
SW3-1 SW3-2 SW9-1 SW9-2 SW12-2 
& 2.30 1.42 1.36 0.81 0.75 
8s 0.15 0.14 0.13 0.09 0.09 
c5b 0.15 0.16 0.16 0.18 0.19 
~ 2.60 1.71 1.65 1.07 1.03 
f.1u 37.42 16.91 17.07 13.02 10.45 
c5u 97.26 28.93 28.17 13.95 10.74 
f3 0.35 0.26 0.23 0.12 0.12 
* Unit for defonnation is inch 
Table 5-14 Calculated Drift Capacities for Global Collapse of Flat Plate Floor System by 
Damage Index 
SW3-1 SW3-2 SW9-1 SW9-2 SW12-2 
Drift Capacities, C 0.100 0.100 0.100 0.076 0.059 
Table 5-15 Calculated Resistance Factors for Global Collapse of Flat Plate Floor System 
by Damage Index 
~RC ~RC ~uc ~uc cp 
SW3-1 0.00 1.00 0.35 0.83 0.83 
SW3-2 0.00 1.00 0.35 0.83 0.83 
SW9-1 0.00 1.00 0.43 0.76 0.76 
SW9-2 0.18 0.95 0.43 0.76 0.72 
SW12-2 0.14 0.97 0.43 0.76 0.74 
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Table 5-16 Calculated Median Drift Capacities and J3RC for the Global Collapse of Flat 
Plate Floor System by Damage Index (SW9-2, SW12-2) 
SW9-2 SW12-2 
Max. Drift LN() Max. Drift LN() 
LA21 0.1000 -2.3026 0.0541 -2.9168 
LA22 0.1000 -2.3026 0.0495 -3.0053 
LA23 0.0670 -2.7037 0.0557 -2.8886 
LA24 0.0678 -2.6916 0.0577 -2.8532 
LA25 0.0708 -2.6477 0.0662 -2.7153 
LA26 0.1000 -2.3026 0.0646 -2.7389 
LA27 0.1000 -2.3026 0.0620 -2.7810 
LA28 0.0568 -2.8675 0.0764 -2.5717 
LA29 0.0627 -2.7688 0.0673 -2.6988 
LA30 0.0800 -2.5257 0.0526 -2.9450 
LA31 0.1000 -2.3026 0.0549 -2.9018 
LA32 0.0649 -2.7348 0.0523 -2.9500 
LA33 0.0681 -2.6863 0.0542 -2.9146 
LA34 0.0676 -2.6936 0.0490 -3.0151 
LA35 0.0749 -2.5920 0.0588 -2.8336 
LA36 0.0730 -2.6167 0.0631 -2.7633 
LA37 0.0711 -2.6441 0.0686 -2.6796 
LA38 0.0848 -2.4674 0.0739 -2.6052 
LA39 0.0737 -2.6078 0.0469 -3.0602 
LA40 0.0691 -2.6724 0.0593 -2.8247 
Mean (LN) -2.5716 -2.8331 
Median C 0.0764 C 0.0588 
STD (LN) f3RC 0.1796 f3RC 0.1366 
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5.3.3 Local Collapse Capacities and Resistance Factors for Flat Plate Floor System 
Local collapse capacities are presented in Table 5-17. The ultimate drift ratios were derived 
from Equation (2.2). The ~RC and ~uc for local collapse are 0.25 and 0.30, respectively. The 
calculated resistance factor is 0.80 by Equation (4.2). This resistance factor for local collapse is 
identical for all the prototype buildings. 
The main parameters for the local collapse capacities are the slab thickness and the tributary 
area for column design for the flat plate floor system. The slab thickness was identical for the 
same floor plan type, 9 in. in the smaller plan and 13 in. in the larger plan. The tributary area 
was a little different in the same plan type due to the difference of column sizes. The column 
size of the nine-story buildings is larger than for the three-story buildings and it reduces the 
tributary area. As a result, nine-story buildings have larger capacities than three-story buildings 
as shown in Table 5-17. 
Table 5-17 Drift Capacities for Local Collapse of Flat Plate Floor System 
Type Vu (kips) Vc (kips) VuNc Ultimate Drift (%) 
SW3-1 29.8 178.4 0.167 6.06 
SW3-2 75.2 408.4 0.184 5.84 
SW9-1 28.4 254.2 0.112 7.05 
SW9-2 71.3 592.9 0.120 6.87 
SW12-2 70.4 639.1 0.110 7.10 
110 
5.4 Calculated Demand Factors and Analysis Demand Factors 
5.4.1 Demand Factors 
Demand factors were calculated by Equation (4.5), 
k f3Jw 
r =e 2b 
where ~RD = ~~ f3;2. The~? is the variance of the natural log of the drifts for each 
component of randomness. Two components of randomness consist of the variability in hazard 
of the ground motion, ~acc, and the ~ariability in orientation of the ground motion, ~or. The ~acc' S 
were determined in Section 5.2 with median drift demands, and the values are shown in Figure 
5-1 and Figure 5-2. The ~or's are determined in this section. As mentioned above, the ~'s were 
calculated only for SW3-2, SW9-2, and SW12-2. The calculated values represented the ~'s for 
each building. A detailed description for the variability in orientation of the ground motion can 
be found in Section 4.4.1.1. 
Table 5-18 presents the calculated maximum story drifts for global collapse of shear walls 
for twenty ground motions having a near fault effect. The twenty ground motions consist of ten 
pairs, in which there are fault normal and fault parallel elements. Table 5-19 presents the natural 
log of the maximum drifts and calculated f3or's. The calculated ~or's were 0.342, 0.433, and 
0.300 for three-, nine-, and twelve-story buildings, respectively. The calculated maximum story 
drifts for global and local collapse of the flat plate system are presented in Table 5-20. Table 
5-21 presents the calculated ~or's. The values were 0.332, 0.422, and 0.360 for three-, nine-, and 
twelve-story buildings, respectively. 
With the calculated values of the ~acc and ~or, ~RD can be determined by calculating the 
square root of the sum of the squares of both ~'s. Demand factors, then, can be found by 
Equation (4.5) with the determined ~RD's. The calculated demand factors are presented in Table 
5-22 and Table 5-23. 
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Table 5-18 Calculated Maximum Drifts for Global Collapse of Shear Walls due to 
Orientation of Ground Motions 
SW3-2 SW9-2 SW12-2 
Normal Parallel Nonnal Parallel Nonnal Parallel 
90° 0° 90° 0° 90° 0° 
NF21,22 0.0327 0.0193 0.0201 0.0094 0.0167 0.0124 
NF23,24 0.0854 0.0276 0.0354 0.0158 0.0280 0.0215 
NF25,26 0.0236 0.0166 0.0410 0.0129 0.0239 0.0157 
NF27,28 0.0389 0.0075 0.0451 0.0090 0.0363 0.0096 
NF29,30 0.0516 0.0120 0.0557 0.0099 0.0400 0.0062 
NF31,32 0.0429 0.0110 0.0469 0.0082 0.0352 0.0051 
NF33,34 0.0424 0.0118 0.0556 0.0072 0.0320 0.0071 
NF35,36 0.0445 0.0048 0.0316 0.0053 0.0198 0.0046 
NF37,38 0.0132 0.0070 0.0391 0.0049 0.0158 0.0068 
NF39,40 0.0338 0.0100 0.0462 0.0130 0.0267 0.0168 
Table 5-19 Calculated f30r Drifts for Global Collapse of Shear Walls due to Orientation of 
Ground Motions 
SW3-2 SW9-2 SW12-2 
LN(900) LN(OO) LN(900) LN(OO) LN(900) LN(OO) 
NF21,22 -3.4216 -3.9491 -3.9089 -4.6678 -4.0908 -4.3877 
NF23,24 -2.4607 -3.5898 -3.3409 -4.1464 -3.5764 -3.8407 
NF25,26 -3.7477 -4.0984 -3.1930 -4.3481 -3.7327 -4.1572 
NF27,28 -3.2468 -4.8893 -3.0986 -4.7095 -3.3154 -4.6462 
NF29,30 -2.9634 -4.4213 -2.8881 -4.6118 -3.2180 -5.0759 
NF31,32 -3.1483 -4.5118 -3.0600 -4.7993 -3.3468 -5.2794 
NF33,34 -3.1608 -4.4394 -2.8889 -4.9394 -3.4407 -4.9460 
NF35,36 -3.1113 -5.3434 -3.4553 -5.2426 -3.9214 -5.3789 
NF37,38 -4.3292 -4.9584 -3.2410 -5.3100 -4.1457 -4.9936 
NF39,40 -3.3864 -4.6043 -3.0742 -4.3457 -3.6217 -4.0838 
Mean (LN) -3.2976 -4.4805 -3.2149 -4.7120 -3.6410 -4.6789 
J30r 0.3417 0.4325 0.2999 
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Table 5-20 Calculated Maximum Drifts for the Global and Local Collapse of Flat Plate 
Floor System due to Orientation of Ground Motions 
SW3-2 SW9-2 SW12-2 
Normal Parallel Normal Parallel Normal Parallel 
90° 0° 90° 0° 90° 0° 
NF21,22 0.0339 0.0193 0.0201 0.0094 0.0167 0.0124 
NF23,24 0.0866 0.0275 0.0355 0.0158 0.0470 0.0215 
NF25,26 0.0220 0.0170 0.0410 0.0122 0.0289 0.0134 
NF27,28 0.0384 0.0075 0.0451 0.0090 0.0373 0.0096 
NF29,30 0.0511 0.0138 0.0557 0.0099 0.0511 0.0062 
NF31,32 0.0424 0.0110 0.0474 0.0082 0.0508 0.0061 
NF33,34 0.0428 0.0119 0.0523 0.0089 0.0461 0.0075 
NF35,36 0.0409 0.0050 0.0337 0.0054 0.0271 0.0079 
NF37,38 0.0132 0.0068 0.0391 0.0062 0.0277 0.0090 
NF39,40 0.0325 0.0099 0.0462 0.0130 0.0424 0.0181 
Table 5-21 Calculated Por for the Global and Local Collapse of Flat Plate Floor System due 
to Orientation of Ground Motions 
SW3-2 SW9-2 SW12-2 
LN(900) LN(OO) LN(900) LN(OO) LN(900) LN(OO) 
NF21,22 -3.3856 -3.9476 -3.9089 -4.6678 -4.0908 -4.3877 
NF23,24 -2.4466 -3.5940 -3.3379 -4.1464 -3.0578 -3.8407 
NF25,26 -3.8154 -4.0754 -3.1935 -4.4103 -3.5447 -4.3106 
NF27,28 -3.2606 -4.8958 -3.0986 -4.7095 -3.2880 -4.6462 
NF29,30 -2.9741 -4.2827 -2.8885 -4.6118 -2.9736 -5.0759 
NF31,32 -3.1597 -4.5133 -3.0497 -4.7993 -2.9799 -5.0987 
NF33,34 -3.1504 -4.4343 -2.9504 -4.7209 -3.0773 -4.8970 
"l\.TT"':'.,r .,/ ~ 1 AI"",", ~ I"'\r\.I"'tI 1 ~ ~AA1 r ,",,",DO ~ rl''''',", A OAr~ 1''1£..).),,,)0 -..).1~0,", -.J.,",~,",1 -..).")~Vl 
-.J .'"''"'00 -..).OV I '"' -'+.O"+.J") 
NF37,38 -4.3264 -4.9968 -3.2410 -5.0883 -3.5853 -4.7062 
NF39,40 -3.4273 -4.6123 -3.0742 -4.3457 -3.1612 -4.0104 
Mean (LN) -3.3142 -4.4644 -3.2133 -4.6729 -3.3366 -4.5819 
J30r 0.3323 0.4217 0.3597 
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Table 5-22 Calculated Demand Factors for Global Collapse of Shear Walls 
Pace Por PRO y 
SW3-1 0.45 0.34 0.57 1.62 
SW3-2 0.46 0.34 0.57 1.63 
SW9-1 0.38 0.43 0.57 1.64 
SW9-2 0.40 0.43 0.59 1.69 
SW12-2 0.37 0.30 0.48 1.41 
Table 5-23 Calculated Demand Factors for the Global and Local Collapse of Flat Plate 
Floor System 
Pace Por PRO y 
SW3-1 0.45 0.33 0.56 1.61 
SW3-2 0.47 0.33 0.57 1.64 
SW9-1 0.34 0.42 0.54 1.55 
SW9-2 0.39 0.42 0.57 1.63 
SW12-2 0.33 0.36 0.49 1.43 
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5.4.2 Analysis Demand Factors 
Analysis demand factors were calculated by Equation (4.6), 
k f3~u 
ra = e 2 b 
where PRU = ~L fli2. The Pi2 is the variance of the natural log of the drifts for each 
component of uncertainty arising from analyses. The components of uncertainty were composed 
of PNTH (uncertainty in the nonlinear time history analysis procedure); Pdamping (uncertainty in 
estimating the damping value of the structure); Pperiod (uncertainty in period of the structure); and 
Pmaterial (uncertainty in material property). The detailed description and the values for PNTH can 
be seen in Section 4.3.2.2. The detailed description for the other P's can be seen in Section 4.4.2. 
The calculated P' s for the uncertainty in damping values were not large, so the effect of 
damping values is not high. This is because most dissipated energy comes from hysteretic 
damping, not from viscous damping. Another reason is that the proportion of damping force to 
total effective force is small. The calculated P' s for the uncertainty in material properties were 
also small. The coefficient of variation of the yield strength of reinforcing bars was 0.05, as 
mentioned in Section 4.4.2.3. This value is too small to affect maximum drifts calculated by 
analyses. 
The P' s for period were also small except for three-story buildings. Only Pperiod for the 
three-story building was large enough to affect the demand factors. As shown in Figure 5-6, the 
mean value and standard deviation of spectral accelerations for SW3-2 having a period equal to 
0.33 second is larger than the other buildings. The spectral accelerations became smaller and 
their distribution became denser as the height of building increased. As a result, the Pperiod for the 
collapse of shear walls in SW12-2 was the smallest one among the P's for uncertainty (Table 
5-25). The Pperiod for the collapse of flat plate system in SW12-2 was larger than SW9-2 (Table 
5-28). This may be the effect of the large story drifts at upper stories. 
In checking the PNTH and PRD, the contributions of three other P' s can be observed. 
Excluding three-story buildings, both the PNTH and PRD were very close to each other because the 
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other P' s are very small. The PRO for the three-story building, on the other hand, was larger than 
for the other taller buildings, even though PNTH was smaller than for the other buildings. This 
can be applied to the demand factors. The demand factor for the three-story building was larger 
than for the taller buildings. It should be noted that the larger is the demand factor, the smaller is 
the confidence factor. 
The calculated values of Pdamping, Pperiod; and Pmaterial for global collapse of shear walls are 
presented in Table 5-24, Table 5-25, and Table 5-26, respectively. The calculated values for 
global and local collapse of the flat plate floor system are presented in Table 5-27, Table 5-28, 
and Table 5-29, respectively. The calculated analysis demand factors for both cases are 
presented in Table 5-30 and Table 5-31. 
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Figure 5-6 Spectral Accelerations for These Buildings for LA21 -LA40 Acclerograms 
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Table 5-24 Calculated Maximum Drifts and (3damping for Global Collapse of Shear Walls 
due to Different Damping Values 
SW3-2 SW9-2 SW12-2 
J.l J.l+cr J.l J.l+cr J.l J.l+cr 
; (%) 6.26 7.57 5.36 6.67 4.34 5.65 
LA21 0.0531 0.0478 0.0229 0.0213 0.0166 0.0155 
LA22 0.0336 0.0315 0.0176 0.0176 0.0094 0.0117 
LA23 0.0144 0.0126 0.0083 0.0078 0.0094 0.0089 
LA24 0.0256 0.0211 0.0274 0.0218 0.0176 0.0134 
LA25 0.0220 0.0213 0.0141 0.0149 0.0184 0.0195 
LA26 0.0283 0.0274 0.0190 0.0200 0.0120 0.0128 
LA27 0.0267 0.0274 0.0264 0.0242 0.0206 0.0203 
LA28 0.0216 0.0206 0.0207 0.0212 0.0174 0.0167 
LA29 0.0161 0.0113 0.0145 0.0140 0.0111 0.0103 
LA30 0.0224 0.0157 0.0260 0.0251 0.0258 0.0238 
LA31 0.0290 0.0287 0.0215 0.0228 0.0139 0.0130 
LA32 0.0339 0.0399 0.0226 0.0201 0.0257 0.0101 
LA33 0.0170 0.0159 0.0215 0.0191 0.0137 0.0142 
LA34 0.0193 0.0207 0.0230 0.0189 0.0143 0.0153 
LA35 0.0334 0.0297 0.0412 0.0351 0.0309 0.0259 
LA36 0.0271 0.0248 0.0407 0.0380 0.0205 0.0197 
LA37 0.0143 0.0138 0.0219 0.0201 0.0164 0.0153 
LA38 0.0147 0.0147 0.0298 0.0317 0.0261 0.0244 
LA39 0.0097 0.0092 0.0097 0.0094 0.0079 0.0075 
LA40 0.0078 0.0077 0.0280 0.0273 0.0174 0.0165 
Mean (LN) -3.8459 -3.9186 -3.8497 -3.9045 -4.1243 -4.2051 
f3damping 0.0727 0.0548 0.0808 
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Table 5-25 Calculated Maximum Drifts and J3period for Global Collapse of Shear Walls due 
to Different Periods 
SW3-2 SW9-2 SW12-2 
J.l Jl+cr Jl Jl+cr J.l J.l+cr 
T (sec) 0.232 0.502 0.757 1.027 1.032 1.301 
LA21 0.0453 0.0525 0.0218 0.0230 0.0115 0.0156 
LA22 0.0291 0.0353 0.0187 0.0160 0.0114 0.0097 
LA23 0.0075 0.0149 0.0089 0.0079 0.0062 0.0065 
LA24 0.0166 0;0244 0.0260 0.0307 0.0143 0.0147 
LA25 0.0187 0.0271 0.0158 0.0150 0.0117 0.0078 
LA26 0.0241 0.0348 0.0202 0.0192 0.0136 0.0119 
LA27 0.0207 0.0303 0.0248 0.0243 0.0181 0.0195 
LA28 0.0210 0.0190 0.0194 0.0220 0.0167 0.0158 
LA29 0.0121 0.0178 0.0162 0.0153 0.0095 0.0116 
LA30 0.0226 0.0197 0.0289 0.0274 0.0203 0.0269 
LA31 0.0252 0.0326 0.0226 0.0243 0.0188 0.0137 
LA32 0.0353 0.0482 0.0200 0.0221 0.0186 0.0198 
LA33 0.0201 0.0188 0.0205 0.0243 0.0161 0.0155 
LA34 0.0182 0.0178 0.0222 0.0274 0.0140 0.0148 
LA35 0.0292 0.0299 0.0376 0.0362 0.0240 0.0258 
LA36 0.0326 0.0326 0.0344 0.0419 0.0201 0.0210 
LA37 0.0097 0.0187 0.0227 0.0221 0.0140 0.0162 
LA38 0.0138 0.0200 0.0318 0.0342 0.0222 0.0258 
LA39 0.0081 0.0090 0.0065 0.0100 0.0071 0.0071 
LA40 0.0083 0.0075 0.0256 0.0241 0.0185 0.0162 
Mean(LN) -3.9840 -3.7741 -3.8761 -3.8280 -4.2347 -4.2227 
J3damping 0.2099 0.0481 0.0119 
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Table 5-26 Calculated Maximum Drifts and (3material for Global Collapse of Shear Walls 
due to Different Material Properties 
SW3-2 SW9-2 SW12-2 
f.l f.l+cr f.l f.l+cr f.l f.l+cr 
fy (ksi) 68.5 72.0 68.5 72.0 68.5 72.0 
LA21 0.0531 0.0509 0.0229 0.0221 0.0166 0.0145 
LA22 0.0336 0.0319 0.0176 0.0169 0.0094 0.0110 
LA23 0.0144 0.0138 0.0083 0.0078 0.0094 0.0060 
LA24 0.0256 0.0202 0.0274 0.0236 0.0176 0.0113 
LA25 0.0220 0.0224 0.0141 0.0156 0.0184 0.0205 
LA26 0.0283 0.0288 0.0190 0.0188 0.0120 0.0134 
LA27 0.0267 0.0279 0.0264 0.0240 0.0206 0.0184 
LA28 0.0216 0.0212 0.0207 0.0251 0.0174 0.0181 
LA29 0.0161 0.0122 0.0145 0.0150 0.0111 0.0114 
LA30 0.0224 0.0221 0.0260 0.0269 0.0258 0.0263 
LA31 0.0290 0.0261 0.0215 0.0235 0.0139 0.0131 
LA32 0.0339 0.0470 0.0226 0.0218 0.0257 0.0225 
LA33 0.0170 0.0180 0.0215 0.0215 0.0137 0.0150 
LA34 0.0193 0.0178 0.0230 0.0204 0.0143 0.0153 
LA35 0.0334 0.0320 0.0412 0.0372 0.0309 0.0216 
LA36 0.0271 0.0244 0.0407 0.0416 0.0205 0.0196 
LA37 0.0143 0.0137 0.0219 0.0199 0.0164 0.0149 
LA38 0.0147 0.0129 0.0298 0.0320 0.0261 0.0237 
LA39 0.0097 0.0114 0.0097 0.0094 0.0079 0.0066 
LA40 0.0078 0.0072 0.0280 0.0230 0.0174 0.0159 
Mean (LN) -3.8459 -3.8784 -3.8497 -3.8726 -4.1243 -4.2021 
(3materuak 0.0325 0.0229 0.0778 
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Table 5-27 Calculated Maximum Drifts and ~damping for the Global and Local Collapse of 
Flat Plate Floor System due to Different Damping Values 
SW3-2 SW9-2 SW12-2 
J..l Jl+cr Jl Jl+cr Jl Jl+cr 
~ (0/0) 6.26 7.57 5.36 6.67 4.34 5.65 
LA21 0.0496 0.0430 0.0229 0.0210 0.0192 0.0185 
LA22 0.0342 0.0304 0.0176 0.0176 0.0119 0.0136 
LA23 0.0144 0.0131 0.0083 0.0078 0.0111 0.0106 
LA24 0.0253 0.0188 0.0274 0.0218 0.0205 0.0157 
LA25 0.0229 0.0210 0.0146 0.0149 0.0267 0.0122 
LA26 0.0302 0.0257 0.0206 0.0202 0.0181 0.0171 
LA27 0.0272 0.0257 0.0268 0.0242 0.0218 0.0213 
LA28 0.0206 0.0201 0.0254 0.0210 0.0188 0.0179 
LA29 0.0152 0.0128 0.0142 0.0140 0.0111 0.0103 
LA30 0.0263 0.0214 0.0287 0.0206 0.0257 0.0355 
LA31 0.0286 0.0258 0.0216 0.0228 0.0200 0.0193 
LA32 0.0339 0.0313 0.0226 0.0201 0.0257 0.0150 
LA33 0.0184 0.0170 0.0215 0.0191 0.0166 0.0173 
LA34 0.0146 0.0218 0.0230 0.0189 0.0161 0.0153 
LA35 0.0326 0.0294 0.0412 0.0340 0.0250 0.0259 
LA36 0.0296 0.0244 0.0407 0.0380 0.0286 0.0283 
LA37 0.0140 0.0136 0.0219 0.0201 0.0204 0.0194 
LA38 0.0156 0.0134 0.0304 0.0317 0.0336 0.0328 
LA39 0.0095 0.0093 0.0097 0.0094 0.0122 0.0118 
LA40 0.0078 0.0075 0.0289 0.0273 0.0297 0.0276 
Mean(LN) -3.8462 -3.9350 -3.8271 -3.9165 -3.9315 -4.0126 
f3damping 0.0888 0.0894 0.0811 
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Table 5-28 Calculated Maximum Drifts and ~period for the Global and Local Collapse of 
Flat Plate Floor System due to Different Periods 
SW3-2 SW9-2 SW12-2 
J.l J.l+cr J.l J.l+cr J.l J.l+cr 
T (sec) 0.232 0.502 0.757 1.027 1.032 1.301 
LA21 0.0403 0.0481 0.0218 0.0238 0.0166 0.0191 
LA22 0.0317 0.0351 0.0180 0.0165 0.0117 0.0125 
LA23 0.0075 0.0150 0.0077 0.0081 0.0084 0.0103 
LA24 0.0163 0.0210 0.0255 0.0291 0.0144 0.0156 
LA25 0.0187 0.0268 0.0150 0.0161 0.0117 0.0119 
LA26 0.0231 0.0347 0.0219 0.0209 0.0142 0.0178 
LA27 0.0192 0.0295 0.0237 0.0275 0.0199 0.0220 
LA28 0.0208 0.0189 0.0197 0.0239 0.0167 0.0184 
LA29 0.0122 0.0181 0.0151 0.0150 0.0095 0.0116 
LA30 0.0245 0.0217 0.0225 0.0271 0.0207 0.0280 
LA31 0.0247 0.0327 0.0234 0.0216 0.0188 0.0192 
LA32 0.0317 0.0471 0.0219 0.0214 0.0186 0.0198 
LA33 0.0159 0.0185 0.0207 0.0213 0.0165 0.0175 
LA34 0.0196 0.0177 0.0190 0.0209 0.0140 0.0148 
LA35 0.0285 0.0294 0.0372 0.0400 0.0254 0.0259 
LA36 0.0319 0.0307 0.0388 0.0430 0.0266 0.0274 
LA37 0.0111 0.0202 0.0209 0.0234 0.0181 0.0197 
LA38 0.0138 0.0198 0.0317 . 0.0359 0.0303 0.0344 
LA39 0.0084 0.0090 0.0094 0.0097 0.0094 0.0113 
LA40 0.0083 0.0075 0.0277 0.0295 0.0256 0.0286 
Mean (LN) -3.9976 -3.7847 -3.8799 -3.8165 -4.1144 -4.0046 
J3damping 0.2129 0.0633 0.1098 
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Table 5-29 Calculated Maximum Drifts and ~material for the Global and Local Collapse of 
Flat Plate Floor System due to Different Material Properties 
SW3-2 SW9-2 SW12-2 
~ Jl+cr ~ Jl+cr Jl ~+cr 
fy (ksi) 68.5 72.0 68.5 72.0 68.5 72.0 
LA21 0.0496 0.0444 0.0229 0.0221 0.0192 0.0190 
LA22 0.0342 0.0323 0.0176 0.0169 0.0119 0.0133 
LA23 0.0144 0.0~41 0.0083 0.0078 0.0111 0.0117 
LA24 0.0253 0.0202 0.0274 0.0236 0.0205 0.0163 
LA25 0.0229 0.0285 0.0141 0.0156 0.0267 0.0101 
LA26 0.0302 0.0273 0.0190 0.0188 0.0181 0.0180 
LA27 0.0272 0.0242 0.0264 0.0240 0.0218 0.0233 
LA28 0.0206 0.0209 0.0207 0.0251 0.0188 0.0205 
LA29 0.0152 0.0138 0.0145 0.0150 0.0111 0.0108 
LA30 0.0263 0.0265 0.0260 0.0269 0.0257 0.0250 
LA31 0.0286 0.0343 0.0215 0.0235 0.0200 0.0203 
LA32 0.0339 0.0342 0.0226 0.0218 0.0257 0.0226 
LA33 0.0184 0.0181 0.0215 0.0215 0.0166 0.0171 
LA34 0.0146 0.0193 0.0230 0.0204 0.0161 0.0157 
LA35 0.0326 0.0306 0.0412 0.0372 0.0250 0.0342 
LA36 0.0296 0.0250 0.0407 0.0416 0.0286 0.0295 
LA37 0.0140 0.0130 0.0219 0.0199 0.0204 0.0206 
LA38 0.0156 0.0129 0.0298 0.0320 0.0336 0.0375 
LA39 0.0095 0.0096 0.0097 0.0094 0.0122 0.0122 
LA40 0.0078 0.0074 0.0280 0.0230 0.0297 0.0301 
Mean (LN) -3.8462 -3.8748 -3.8497 -3.8726 -3.9315 -3.9606 
J3materuak 0.0286 0.0229 0.0290 
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Table 5-30 Calculated Analysis Demand Factors for Global Collapse of Shear Walls 
~NTH ~damping ~period ~material ~RD Ya 
SW3-1 0.20 0.07 0.21 0.03 0.30 1.15 
SW3-2 0.20 0.07 0.21 0.03 0.30 1.15 
SW9-1 0.25 0.05 0.05 0.02 0.26 1.11 
SW9-2 0.25 0.05 0.05 0.02 0.26 1.11 
SW12-2 0.25 0.08 0.01 0.08 0.27 1.12 
Table 5-31 Calculated Analysis Demand Factors for the Global and Local Collapse of Flat 
Plate Floor System 
~NTH ~damping ~period ~material ~RD Ya 
SW3-1 0.20 0.09 0.21 0.03 0.31 1.15 
SW3-2 0.20 0.09 0.21 0.03 0.31 1.15 
SW9-1 0.25 0.09 0.07 0.02 0.27 1.12 
SW9-2 0.25 0.09 0.07 0.02 0.27 1.12 
SW12-2 0.25 0.08 0.11 0.03 0.29 1.13 
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5.5 Calculated Confidence Levels 
5.5.1 Calculated Total Uncertainty Factors 
The equation for calculating the total uncertainty is 
(5.1) 
where ~uc is from the capacity side and ~RU is from the demand side. Detailed descriptions 
of ~uc and ~RU were presented in Section 4.3.1.2 and Section 4.3.2.2, respectively. The values of 
~uc for global collapse were presented in Table 4-3. The value of ~uc for local collapse is 0.30, 
as given in Section 4.3.1.2. The ~RU is the square root of the sum of the squares of the ~'s 
obtained from uncertainty in the analysis procedure, and the values were already presented in 
Table 5-30 and Table 5-31 as ~RD. The calculated total uncertainty factors for the global collapse 
of shear walls and the global and local collapse of flat plate are presented in Table 5-32 through 
Table 5-34. 
Table 5-32 Calculated Total Uncertainty Factors for Global Collapse of Shear Walls 
~UC ~RU J3UT 
SW3-1 0.35 0.30 0.46 
SW3-2 0.35 0.30 0.46 
SW9-1 0.43 0.26 0.50 
SW9-2 0.43 0.26 0.50 
SW12-2 0.43 0.27 0.51 
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Table 5-33 Calculated Total Uncertainty Factors for Global Collapse of Flat Plate Floor 
System 
~uc ~RU JiUT 
SW3-1 0.35 0.31 0.47 
SW3-2 0.35 0.31 0.47 
SW9-1 0.43 0.27 0.51 
SW9-2 0.43 0.27 0.51 
SW12-2 0.43 0.29 0.52 
Table 5-34 Calculated Total Uncertainty Factors for Local Collapse 
~UC ~RU 13UT 
SW3-1 0.30 0.31 0.43 
SW3-2 0.30 0.31 0.43 
SW9-1 0.30 0.27 0.41 
SW9-2 0.30 0.27 0.41 
SW12-2 0.30 0.29 0.41 
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5.5.2 Calculated Confidence Factors and Confidence Levels 
Finally, confidence factors can be detennined using the calculated parameters above by 
Equation (4.10), 
The confidence factors were detennined in three categories as mentioned earlier, which are 
global collapse by IDA, global collapse by Damage Index, and local collapse. The variables on 
the capacity side, ~ and C, were only affected so that the variables on the demand side, y, Ya, and 
b, were identical for the three categories. With the detennined confidence factors (A), total 
uncertainty factors (~UT), and slope of the hazard curve (k), confidence levels can be' calculated 
using Table 4-1. 
5.5.2.1 Confidence Levels for Global Collapse of Shear Walls 
The calculated confidence factors and confidence levels for global collapse of shear walls 
are presented in Table 5-35. All the calculated confidence levels were over 90% except for 
SW9-1 where it is 89%. As can be seen in Table 5-35, the confidence levels for SW3-2, SW9-2, 
and SW12-2 were relatively larger than SW3-1 and SW9-1. The confidence level for SW3-1 
was a little larger than 90% and the one for SW9-1 was 89%. In investigating the parameters for 
SW3-1, the median drift demand was very high even though the drift capacity was also high. The 
high demand made the confidence factor low and this resulted in a relatively low confidence 
level. 
In examining the parameters for SW9-1, the median drift demand is still high and the drift 
capacity and resistance factor were low, 0.078 and 0.71 respectively. This forced the confidence 
level for SW9-1 to decrease to below 90%. In comparing SW9-1 with SW9-2, the median drift 
demands for SW9-1 and SW9-2 were similar and the drift capacity for SW9-1 was smaller than 
for SW9-2. This result can be explained by the P-L\. effect. At the demand level of spectral 
acceleration equal to 1.0 to 2.0, the P-L\. effect is relatively small so that the difference of median 
126 
drift demands between the two buildings was small. At the capacity level of spectral 
acceleration equal to 3.0 to 5.0, the p-~ effect is relatively large so that the difference in drift 
capacities between two buildings was large. Both results made the difference in confidence 
levels between SW9-1 and SW9-2 quite large. 
The confidence level for SW12-2 was very close to SW3-2 and SW9-2. The main cause of 
this was the very low median drift demand. This resulted from the low spectral acceleration for 
long period and the low p-~ effect. Another reason for the low demand was the distribution of 
each story drift. As shown in Figure 5-5, maximum drifts of each story for SW12-2 were 
distributed throughout the stories, while the maximum drifts for SW3-2 or SW9-2 were 
concentrated at the first story (Figure 5-3 and Figure 5-4). This low demand increased the 
confidence factor even though the capacity was low. 
Table 5-35 Calculated Confidence Factors and Confidence Levels for Global Collapse of 
Shear Walls by IDA 
~ C Y Ya D ~UT k "- C.L. 
SW3-1 0.79 0.088 1.62 1.15 0.027 0.46 0.3 1.37 91 010 
SW3-2 0.75 0.086 1.63 1.15 0.021 0.46 0.3 1.60 96 010 
SW9-1 0.71 0.078 1.64 1.11 0.024 0.50 0.3 1.28 890/0 
SW9-2 0.72 0.088 1.69 1.11 0.021 0.50 0.3 1.60 960/0 
SW12-2 0.58 0.068 1.41 1.12 0.016 0.51 0.3 1.53 94 0/0 
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5.5.2.2 Confidence Levels for Global Collapse of Flat Plate Floor System by Damage 
Index 
The calculated confidence factors and confidence levels for global collapse of the flat plate 
floor system by the Damage Index are presented in Table 5-36. All the confidence levels are 
larger than 90%, which resulted from the high drift capacities of the columns. 
The confidence levels showed that the performance of columns designed to ACI 318, which 
specifies that confinement reinforcement should be placed in the gravity columns in high seismic 
regions, was very good. 
Table 5-36 Calculated Confidence Factors and Confidence Levels for Global Collapse of 
Flat Plate Floor System by Damage Index 
$ C Y Ya fJ ~UT k Iv C. L. 
SW3-1 0.83 0.100 1.61 1.15 0.027 0.47 0.3 1.65 96 0/0 
SW3-2 0.83 0.100 1.64 1.15 0.021 0.47 0.3 2.06 980/0 
SW9-1 0.76 0.100 1.55 1.12 0.024 0.51 0.3 1.82 970/0 
SW9-2 0.72 0.076 1.63 1.12 0.022 0.51 0.3 1.38 92 0/0 
SW12-2 0.74 0.059 1.44 1.13 0.020 0.52 0.3 1.36 92 0/0 
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5.5.2.3 Confidence Levels for Local Collapse of Flat Plate Floor System 
The target confidence level for local collapse was 50%. All the calculated confidence levels 
for local collapse were over 50%. The confidence levels for nine- and twelve-story buildings 
were even larger than 90 %. These results were based on the flat plate floor slab with shear 
reinforcement. It means that placing enough shear reinforcement to prevent a sudden punching 
failure results in high confidence levels. The effect of no shear reinforcement for the confidence 
level will be investigated later. 
Table 5-37 Calculated Confidence Factors and Confidence Levels for Local Collapse 
~ C Y Ya D ~UT k Iv C. L. 
SW3-1 0.80 0.061 1.61 1.15 0.027 0.43 0.3 0.95 690/0 
SW3-2 0.80 0.058 1.64 1.15 0.021 0.43 0.3 1.15 83 010 
SW9-1 0.80 0.071 1.55 1.12 0.024 0.41 0.3 1.34 91 010 
SW9-2 0.80 0.069 1.63 1.12 0.022 0.41 0.3 1.36 91 0/0 
SW12-2 0.80 0.071 1.44 1.13 0.020 0.41 0.3 1.78 98% 
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5.6 Influence of Drift Capacity Limits for Shear Walls on Confidence Level 
The collapse drift was limited to 0.10 in the SAC project because analytical modeling was 
not considered reliable for a drift over 0.10. The confidence levels calculated above were based 
on the maximum drift limit equal to 0.10. As observed in Section 5.3.1, the role of the drift limit 
was very important for drift capacities. The individual IDA curve for some individual 
accelerograms showed no collapse drift and increased continuously according to the increase of 
spectral acceleration. This led to several drift capacities equal to the drift limit of 0.10. The 
calculated collapse drift capacities, therefore, mainly depended on the number of the limit values. 
Unfortunately, shear wall tests have not been conducted to their ultimate drifts. Most of the 
tests stopped at drift levels of 0.02 to 0.03. This situation introduces difficulty in deciding the 
proper drift limit for shear walls. It is also hard to find failed shear walls in the field. As a result, 
the drift capacities and confidence levels were further examined by using reduced drift limits. 
The reduced drift limits will cause the drift capacities and confidence levels to decrease. The 
reduced drift limits were 0.09, 0.08, 0.07, and 0.06. The buildings studied for the reduced limits 
were SW3-2, SW9-2, and SW12-2, which represent each different building height considered in 
this building. 
Table 5-38, Table 5-39, and Table 5-40 present the calculated confidence levels due to 
different drift limits of IDA for SW3-2, SW9-2, and SW12-2, respectively. Table 5-41, Table 
5-42, and Table 5-43 present the calculated drift capacities for SW3-2, SW9-2, and SW12-2, 
respectively. These results show that the median drift capacities (C) and the standard deviations 
of the natural log of the drift capacities (J)RC) decreased. This resulted from the drift capacities 
equal to 0.10 originally being reduced to the smaller values. It made the median values smaller 
and the standard deviations smaller too because the drift capacities became closer to the median 
values. The values of the capacities in Table 5-41, Table 5-42, and Table 5-43 show that the 
number of individual capacities having their own drift limits was changed. Since the drift 
capacities were restricted by the drift limits, therefore, the median drift capacities could not 
exceed their own limit values. If the number of the drift capacities that do not exceed the drift 
limit is small, the reduction of the median drift capacity is also small. 
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The calculated confidence levels did not decrease as much as the median drift capacities 
decreased. This was due to the PRe that decreased at the same time as the median capacities 
decreased. The decreasing PRe caused the resistance factor, $, to increase, so that the product of 
4> and PRe did not decrease with the same decreasing rate of the median capacities. The 
confidence level for SW3-2 went below 90% at the drift limit equal to 0.06 and the one for SW9-
2 did this at 0.07. The confidence levels for SW12-2 did not go down below 900/0. These results 
were affected by the number of the drift capacities having their own drift limits. In the case of 
SW12-2, the drift capacities were already around 0.06 so that the change of the drift limit had 
little effect on the median drift capacity and the confidence level. 
Table 5-38 Confidence Levels due to Different Drift Limits by IDA (SW3-2) 
DL = 0.10 DL = 0.09 DL = 0.08 DL = 0.07 DL = 0.06 
" 0.086 0.080 0.074 0.066 0.058 C 
PRC 0.27 0.23 0.18 0.13 0.09 
~ 0.75 0.77 0.79 0.81 0.82 
Aeon 1.60 1.53 1.45 1.33 1.19 
C. L. (0/0) 95 94 93 90 85 
Table 5-39 Confidence Levels due to Different Drift Limits by IDA (SW9-2) 
DL = 0.10 DL = 0.09 DL = 0.08 DL = 0.07 DL = 0.06 
C 0.088 0.081 0.075 0.068 0.060 
PRC 0.23 0.16 0.12 0.07 0.02 
~ 0.72 0.73 0.74 0.75 0.76 
Aeon 1.60 1.48 1.40 1.29 1.13 
C. L. (%) 95 93 92 89 83 
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Table 5-40 Confidence Levels due to Different Drift Limits by IDA (SW12-2) 
DL = 0.10 DL = 0.09 DL = 0.08 DL = 0.07 DL = 0.06 
" 0.068 0.066 0.062 0.058 0.053 C 
(3RC 0.43 0.41 0.37 0.32 0.27 
~ 0.58 0.59 0.62 0.65 0.68 
Aeon 1.40 1.53 1.50 1.47 1.40 
C. L. (0/0) 94 94 93 93 92 
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Table 5-41 Calculated Drift Capacities due to Different Drift Limits by IDA (SW3-2) 
DL = 0.10 DL = 0.09 DL = 0.08 DL = 0.07 DL = 0.06 
LA21 0.1000 0.0900 0.0800 0.0700 0.0600 
LA22 0.1000 0.0900 0.0787 0.0700 0.0600 
LA23 0.1000 0.0900 0.0800 0.0700 0.0600 
LA24 0.1000 0.0900 0.0800 0.0700 0.0600 
LA25 0.1000 0.0900 0.0800 0.0700 0.0600 
LA26 0.0461 0.0461 0.0461 0.0461 0.0461 
LA27 0.1000 0.0900 0.0800 0.0700 0.0600 
LA28 0.1000 0.0900 0.0800 0.0700 0.0600 
LA29 0.0604 0.0604 0.0604 0.0604 0.0600 
LA30 0.1000 0.0900 0.0800 0.0645 0.0600 
LA31 0.1000 0.0900 0.0800 0.0700 0.0600 
LA32 0.1000 0.0900 0.0800 0.0700 0.0600 
LA33 0.1000 0.0900 0.0800 0.0700 0.0600 
LA34 0.1000 0.0804 0.0800 0.0700 0.0600 
LA35 0.0814 0.0814 0.0800 0.0700 0.0600 
LA36 0.0849 0.0849 0.0800 0.0700 0.0600 
LA37 0.0849 0.0849 0.0800 0.0700 0.0600 
LA38 0.0451 0.0451 0.0451 0.0451 0.0451 
LA39 0.1000 0.0900 0.0800 0.0700 0.0492 
LA40 0.0602 0.0602 0.0602 0.0602 0.0600 
Mean (LN) -2.4584 -2.5325 -2.6110 -2.7211 -2.8508 
Median, C 0.0856 0.0795 0.0735 0.0658 0.0578 
STD (LN), f3RC 0.2672 0.2254 0.1845 0.1342 0.0924 
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Table 5-42 Calculated Drift Capacities due to Different Drift Limits by IDA (SW9-2) 
DL = 0.10 DL=0.09 DL = 0.08 DL= 0.07 DL=0.06 
LA21 0.1000 0.0900 0.0800 0.0700 0.0600 
LA22 0.1000 0.0900 0.0800 0.0700 0.0600 
LA23 0.1000 0.0900 0.0800 0.0700 0.0600 
LA24 0.1000 0.0900 0.0800 0.0700 0.0600 
LA25 0.1000 0.0566 0.0566 0.0566 0.0566 
LA26 0.1000 0.0900 0.0800 0.0700 0.0600 
LA27 0.1000 0.0900 0.0800 0.0700 0.0600 
LA28 0.0783 0.0783 0.0783 0.0700 0.0600 
LA29 0.0547 0.0547 0.0547 0.0547 0.0547 
LA30 0.0679 0.0679 0.0679 0.0679 0.0600 
LA31 0.1000 0.0900 0.0800 0.0700 0.0600 
LA32 0.0933 0.0900 0.0800 0.0700 0.0600 
LA33 0.1000 0.0900 0.0800 0.0700 0.0600 
LA34 0.1000 0.0900 0.0800 0.0700 0.0600 
LA35 0.0692 0.0692 0.0692 0.0692 0.0600 
LA36 0.0489 0.0892 0.0800 0.0700 0.0600 
LA37 0.1000 0.0900 0.0800 0.0700 0.0600 
LA38 0.0954 0.0900 0.0800 0.0700 0.0600 
LA39 0.0685 0.0685 0.0685 0.0685 0.0600 
LA40 0.0765 0.0765 0.0765 0.0700 0.0600 
Mean (LN) -2.4566 -2.5124 -2.5886 -2.6854 -2.8210 
,.. 
Median, C 0.0857 0.0811 0.0751 0.0682 0.0595 
STD fLN' R~,., \. ",...IU .. I 0.2257 0.1644 0.1169 0.0703 0.0239 
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Table 5-43 Calculated Drift Capacities due to Different Drift Limits by IDA (SW12-2) 
DL = 0.10 DL =0.09 DL = 0.08 DL = 0.07 DL = 0.06 
LA21 0.0842 0.0842 0.0800 0.0700 0.0600 
LA22 0.0368 0.0368 0.0368 0.0368 0.0368 
LA23 0.0852 0.0852 0.0800 0.0700 0.0600 
LA24 0.1000 0.0900 0.0800 0.0700 0.0600 
LA25 0.1000 0.0900 0.0800 0.0700 0.0600 
LA26 0.1000 0.0900 0.0603 0.0603 0.0600 
LA27 0.0488 0.0488 0.0488 0.0488 0.0488 
LA28 0.0548 0.0548 0.0548 0.0548 0.0548 
LA29 0.0644 0.0644 0.0644 0.0644 0.0600 
LA30 0.0219 0.0219 0.0219 0.0219 0.0219 
LA31 0.0936 0.0900 0.0800 0.0700 0.0600 
LA32 0.1000 0.0900 0.0800 0.0700 0.0600 
LA33 0.0888 0.0888 0.0800 0.0700 0.0600 
LA34 0.0914 0.0900 0.0800 0.0700 0.0600 
LA35 0.0773 0.0773 0.0773 0.0700 0.0600 
LA36 0.0661 0.0661 0.0661 0.0661 0.0600 
LA37 0.0781 0.0781 0.0781 0.0700 0.0600 
LA38 0.0788 0.0788 0.0788 0.0700 0.0600 
LA39 0.0319 0.0319 0.0319 0.0319 0.0319 
LA40 0.0531 0.0531 0.0531 0.0531 0.0531 
Mean(LN) -2.6934 -2.7172 -2.7776 -2.8474 -2.9408 
Median, C 0.0676 0.0661 0.0622 0.0580 0.0528 
STD (LN), J3RC 0.4270 0.4062 0.3684 0.3222 0.2710 
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5.7 Influence of No Shear Reinforcement on Confidence Level for Flat Plate Floor Slabs 
The definition of local collapse was the failure of the slab due to punching shear in the flat 
plate floor system. The prototype buildings were designed with shear reinforcement enough to 
prevent punching shear failure, which resulted in the high confidence levels for the buildings 
(Section 5.5.2.3). The confidence level will decrease if the shear reinforcement is not placed in 
the prototype building. Many buildings have been designed like that until now. In this section, 
the confidence levels were studied for local collapse of the flat plate floor system assuming that 
no shear reinforcement is placed. It should be noted that 'No shear reinforcement' means that 
the reinforcement is not enough to prevent the punching shear failure, but does not necessarily 
mean that no reinforcement is placed. 
For the flat plate floor system with no shear reinforcement, the ultimate drift ratios were 
calculated by Equation (2.1), 
Y = 0.6913X-o.9254 X < 0.15, Y = 4.0 
where X is the gravity shear ratio (V uN c) and Y is the ultimate drift ratio (%). The gravity shear 
ratios and the ultimate drift values for the slabs with shear reinforcement came from Table 5-17. 
The ultimate drifts for the slabs with no shear reinforcement are presented in Table 5-44. The 
ultimate drifts for no shear reinforcement were significantly smaller than those with shear 
reinforcement. 
Table 5-45 presents the calculated confidence factors and confidence levels for local 
collapse. The resistance factor, $, was the same as the case with shear reinforcement. Except for 
SW9-2 and SWI2-2, the confidence levels for the remaining buildings were less than the target 
level, 50%. The confidence level for SW9-2 was 52%, which was just above 50%. This shows 
the importance of shear reinforcement for a flat plate floor system. Even though the flat plate 
floor system is designed for gravity loads only, the system can experience large lateral 
displacements that can cause the floor slab to fail very early. 
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Table 5-44 Ultimate Drift Ratios for Local Collapse 
VuNc 
Ultimate Drift (%) 
Shear Reinf. No Shear Reinf. 
SW3-1 0.167 6.06 3.62 
SW3-2 0.184 5.84 3.31 
SW9-1 0.112 7.05 4.00 
SW9-2 0.120 6.87 4.00 
SW12-2 0.110 7.10 4.00 
Table 5-45 Calculated Confidence Levels for Local Collapse (No Shear Reinforcement) 
~ C A C. L. 
SW3-1 0.80 3.62 0.57 240/0 
SW3-2 0.80 3.31 0.65 34 0/0 
SW9-1 0.80 4.00 0.76 48 0/ 0 
SW9-2 0.80 4.00 0.80 52 0/0 
SW12-2 0.80 4.00 1.00 73 0/0 
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5.8 Influence of Slip Coefficient for Shear Wall Model on Confidence Level 
The effect of slip coefficient for the shear wall model was studied in Section 3.2.3.3. The 
components of the drift demands and capacities were presented in Table 3-10. As can be seen in 
the table, the proportion of each component (flexure and shear) to total drifts for the coefficient 
equal to 1.0 and 1.3 were almost identical at the demand level. The proportion was very 
different at the capacity level. The proportion of the component of flexure for v = 1.0 was 77.2% 
while the one for v = 1.0 was 49.2%. Total drift was 7.81 % for v = 1.0 and 12.10% for v = 1.3. 
In this section, it was studied how the confidence levels and the parameters for them react to 
changing the slip coefficient from 1.3 to 1.0. Table 5-46 presents the parameters and confidence 
levels for both 1.3 and 1.0. The buildings studied were SW3-2, SW9-2, and SW12-2. 
The drift demands for 1.3 and 1.0 were 0.0214 and 0.0187, 0.0213 and 0.0181, and 0.0162 
and 0.0129 for SW3-2, SW9-2, and SWI2-2, respectively. The drift demands for 1.0 were 
smaller than for 1.3 because the slip effect was restricted, so the drifts should be reduced. The 
parameters on the demand side were very similar to each other for all the buildings except for the 
~period. The ~period'S for 1.3 and 1.0 were 0.2099 and 0.2714,0.0481 and 0.1207, and 0.0119 and 
0.0231 for SW3-2, SW9-2, and SW12-2, respectively. The ~'s for 1.0 were 1.3 to 2.5 times as 
large as for 1.3. The reason why the ~'s for 1.3 were smaller than for 1.0 is that the period 
calculation depends on flexure more than on shear. The drifts of the buildings with the slip 
coefficient equal to 1.3 have larger shear components than those for 1.0 (Table 3-10). As a result, 
the shear behavior for 1.3 was more dominant than the flexural behavior, which is the opposite of 
the results for a slip coefficient of 1.0. The dominant shear behavior reduced the effect of the 
period change. 
The median drift capacities for 1.0 were smaller than for 1.3, except for SW3-2. The drift 
capacities for 1.3 and 1.0 were 0.088 and 0.084 for SW9-2, and 0.068 and 0.054 for SWI2-2, 
respectively. This can be explained by the P-Ll effect. As mentioned above, the buildings for 1.0 
showed more flexural behavior than for 1.3. The P-Ll effect has more influence on flexural 
behavior than on shear behavior. As a result, the drift capacities for 1.0 became smaller than for 
1.3. The drift capacity for SW3-2 showed the opposite result. The capacity for 1.0 was larger 
than 1.3. This is because the P-Ll effect was not large for three-story buildings and no-slip 
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models increased the capacity of the building. The aspect ratio of SW3-2 was 1.22, so the shear 
behavior would be relatively larger than in the nine- and twelve-story buildings. In this state, no-
slip suppressed the shear behavior, so the capacity increased. The median drift capacity for 
SW3-2 with v = 1.0 was 0.0922, which means that many individual drift capacities were 0.10. 
This resulted in a small ~RC for 1.0,0.14, which was smaller than 0.27 for 1.3. 
The calculated confidence levels are shown in Figure 5-7. The confidence level for SW3-2 
with v = 1.0 was larger than for v = 1.3 because the capacity with v = 1.0 was larger and the 
demand was smaller than for v = 1.3. The confidence level for SW12-2 with v = 1.0 was also 
larger than for v = 1.3 because the capacity with v = 1.0 decreased, but the demand decreased 
more, from 0.016 to 0.013. The confidence level for SW9-2 with v = 1.0 was almost identical to 
v = 1.3 because the capacity and demand were reduced slightly at the same time. 
The confidence levels were changed by replacing the slip coefficient equal to 1.3 with 1.0. 
The difference, however, was insignificant for the decision of whether or not the performance 
objective was satisfied. 
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Figure 5-7 Confidence Levels for Different Shear Slip Coefficients 
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Table 5-46 Confidence Levels for Different Slip Coefficients, v 
SW3-2 SW9-2 SW12-2 
Variables 
v= 1.3 v= 1.0 v= 1.3 v= 1.0 v= 1.3 v= 1.0 
B 1 1 1 1 1 1 
k 3 3 3 3 3 3 
~RC 0.2672 0.1414 0.1831 0.2560 0.4270 0.4556 
~uc 0.3500 0.3500 0.4300 0.4300 0.4300 0.4300 
>. 
<PRC 0.8984 0.9705 0.9510 0.9064 0.7607 0.7325 ..... '0 
ro 
0... 
<Puc 0.8321 0.8321 0.7578 0.7578 0.7578 0.7578 ro u 
<P 0.7476 0.8076 0.7206 0.7206 0.5765 0.5550 
C 0.0856 0.0922 0.0883 0.0836 0.0676 0.0542 
~acc 0.4587 0.4447 0.4026 0.4432 0.3726 0.3726 
~or 0.3417 0.3624 0.4325 0.4261 0.2999 0.3253 
~RD 0.5720 0.5737 0.5909 0.6148 0.4783 0.4946 
Y 1.6335 1.6383 1.6883 1.7629 1.4094 1.4434 
~NTH 0.2000 0.2000 0.2500 0.2500 0.2500 0.2500 
"'C) 
;:::: ~period 0.2099 0.2714 0.0481 0.1207 0.0119 0.0231 ro 8 
0 ~damping 0.0727 0.0503 0.0548 0.0518 0.0808 0.0361 Q 
~mp 0.0325 0.0059 0.0229 0.0026 0.0778 0.0333 
~RD for 0.3007 0.3409 0.2614 0.2824 0.2743 0.2558 
Ya 
Ya 1.1452 1.1905 1.1080 1.1271 1.1194 1.1031 
b 0.0214 0.0187 0.0213 0.0181 0.0162 0.0129 
~UT 0.46 0.49 0.50 0.51 0.51 0.50 
Aeon 1.599 2.042 1.597 1.597 1.396 1.465 
Confidence 96 98 96 95 92 93 Level (0/0) 
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5.9 Evaluation of Deflection Amplification Factor, Cd 
Table 5.2.8 in FEMA 302 specifies the allowable story drift lla for structures. The drift limit 
for shear walls in Seismic Use Group I is 0.02hx, where hx is the story height below level x. The 
main reason why the drift limits are provided is the P-delta effect, which may cause instability of 
gravity load carrying system due to the secondary moments from axial loads and large 
displacements caused by earthquakes. 
The design basis of the current code is to design structures for reduced forces by dividing 
those that would be provided from a design earthquake (if the structure remained elastic) by the 
response modification factor, R. This is to allow the structures to yield at the reduced forces and 
to undergo inelastic deformation. To estimate the actual deformation that is likely to occur for 
the design earthquake, the elastic deformation under the reduced force is amplified by a 
deflection amplification factor, Cd. Figure 5-8 shows the concept of reducing force with the R-
factor. The ductility demand is, 
(5.2) 
where bmax = maximum inelastic deformation, 8y = deformation by the reduced force. The 
deflection amplification factor stands for this ductility demand. 
The actual deflection of level x if the importance factor is 1.0, b;; (FEMA 302) is 
(5.3) 
where 
Cd = deflection amplification factor 
~e = deflection determined by an elastic analysis 
The deflection amplification factor, Cd, therefore, can be expressed as 
(5.4) 
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As shown in the above equation, the Cd can be determined from the actual deflection and the 
elastic deflection. In this section, the Cd was calculated using the median drift demands as the 
actual deflection, and the elastic deflection was calculated using the reduced force. 
Base Shear 
Oy Omax OE 
Displacement 
Figure 5-8 Strength Modification Factor, R and Ductility Demand, J.I. 
The median story drifts for three-, nine-, and twelve story buildings were presented in Figure 
5-3, Figure 5-4, and Figure 5-5, respectively. The maximum values of the median story drifts for 
each building have been given in Figure 5-2; these values were used as ~ for each building. The 
maximum story drifts by elastic analysis were calculated for the reduced force. The values were 
used as ~e for each building and are presented in Table 5-47. The calculated ratio of 8x/8xe is 
presented in Table 5-48. The specified amplification factor is 5.5 for shear walls. 
The ratios for three-story buildings were close to a hundred because the stiffness of the 
buildings was very high, so the elastic deflection was very small. The relatively flexible 
buildings, SW9-1 and SW12-2 have ratios close to six, and SW9-2, which is relatively stiffer 
than the other two buildings, has a ratio of nine. 
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Table 5-47 Maximum Drifts by Elastic Analysis 
Story SW3-1 SW3-2 SW9-1 SW9-2 SW12-2 
No. Drift Cd*D. Drift Cd*D. Drift Cd*D. Drift Cd*D. Drift Cd*D. 
1 0.025 0.13 0.023 0.11 0.059 0.30 0.04 0.20 0.04 0.19 
2 0.050 0.25 0.039 0.19 0.154 0.77 0.10 0.49 0.10 0.49 
3 0.059 0.29 0.043 0.21 0.231 1.15 0.15 0.73 0.15 0.74 
4 0.291 1.46 0.18 0.91 0.19 0.96 
5 0.336 1.68 0.21 1.05 0.23 1.14 
6 0.367 1.84 0.23 1.14 0.26 1.28 
7 0.386 1.93 0.24 1.19 0.28 1.39 
8 0.395 1.98 0.24 1.22 0.29 1.47 
9 0.398 1.99 0.24 1.22 0.30 1.52 
10 0.31 1.56 
11 0.31 1.57 
12 0.31 1.57 
Max. 0.059 0.29 0.043 0.21 0.398 1.99 0.244 1.22 0.314 1.57 
* Unit: % 
Table 5-48 Calculated Bx/Bxe 
bx bxe bx/bxe 
SW3-1 0.0273 0.00059 107.8 
SW3-2 0.0214 0.00043 94.1 
SW9-1 0.0241 0.00398 6.1 
SW9-2 0.0219 0.00244 9.0 
SW12-2 0.0196 0.00314 6.2 
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5.10 Summary of Results 
The performance of RC shear wall buildings was studied in this chapter. All the parameters 
for the calculation of the confidence level were determined for three-, nine-, and twelve-story 
buildings with regard to three different collapse categories, which are the global collapse of shear 
walls, as well as the global and local collapse of the flat plate floor system. With the parameters, 
the confidence levels were determined to examine if the buildings satisfy the performance 
objectives. After studying the performance of the RC shear wall buildings, the influence of three 
variables on the confidence level was studied, which are the drift capacity limit for shear walls, 
the shear reinforcement in floor slabs, and the slip coefficient in the shear wall model. The 
results are summarized below. 
The drift demands of the three-story buildings for both the global collapse of the buildings, 
as well as the global collapse of the columns and the local collapse of floors, were identical 
because the maximum story drifts are mostly located at the first story. For the drift demands of 
the taller buildings, the values for the latter case were larger than for the former one because of 
the higher modes and higher p-~ effects for the taller buildings. 
The capacities for global collapse of shear walls decreased when the buildings were changed 
from the shorter to taller buildings. This result can be explained by the p-~ effect. The 
capacities for global collapse of the columns in the flat plate system for SW9-2 and SW12-2 
were low due to their low shear span ratio. 
The Pace decreased as the number of stories increased, which resulted from the decrease of 
the standard deviation of response spectra at long periods. The Pdamping and Pmaterial were small, 
so they do not have much influence on the performance level. The Pperiod for the three-story 
building was so large that it can affect the analysis demand factor; on the other hand, the Pperiod 
for the taller buildings was small. 
The confidence level for the global collapse of SW9-1 was just below 90%. The confidence 
level for SW9-1 would increase to above 90% if designed to have a little more strength. The 
confidence levels for the global collapse of the flat plate system were larger than 90%. The 
confidence levels for the local collapse of the flat plate system were larger than 50%. Both 
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results mean that the confinement in the gravity columns and the shear reinforcement in the floor 
slabs are very important for their performance, respectively. 
The confidence levels for the global collapse of SW12-2 did not fall below 90% because of 
the drops of the drift capacity limit of shear walls from 0.10 to 0.06. The confidence level for 
SW3-2 fell below 90% at a drift limit equal to 0.06 and the one for SW9-2 did so at 0.07. This 
implies that the performance objective may not be satisfied if the drift capacity limit is only 
equal to 0.07, which is less than 0.10. 
The confidence levels for the local collapse of the flat plate with no shear reinforcement 
were less than 50% for SW3-l, SW3-2, and SW9-l. This result indicates that the performance 
objective may not be satisfied without shear reinforcement. The parameters for the confidence 
levels were changed with the different slip coefficients, but the change of confidence levels was 
not severe. The deflection amplification factors for very stiff buildings, SW3-l and SW3-2, 
were very high values; on the other hand, the factors for flexible buildings, SW9-l and SW12-2, 
were close to 6.0. All of the values were greater than 5.5 which is unconservative. However, in 
a real building, there will be cladding, stairwells and other non structural elements that will tend 
to lessen the expected drift. So, Cd = 5.5 seems to be a reasonable value. 
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6 R-Factor Calculation Using Performance Evaluation Procedure 
6.1 Introduction 
The issues for determining the R-factor have been summarized in Chapter 1, and a rational 
approach for determining the factor has been suggested in Chapter 4. The approach is to utilize 
the perfonnance based evaluation methodology based on the SAC results. The buildings 
observed above (R=6) were redesigned using different R-values and re-evaluated using the same 
procedure as in the previous chapter. A proper R-factor can be determined by checking for the 
redesigned building to determine if its confidence levels satisfy the targets, which are a 90% 
confidence in satisfying the globaL Collapse Prevention performance level for the 2/50-hazard 
level and a 50% confidence in satisfying the local Collapse Prevention performance level for the 
same level. In this chapter, building SW9-2 was redesigned using R equal to 7 and 8 and 
building SW12-2 was redesigned using R=7. The confidence levels and the parameters for the 
levels are presented below. 
6.2 Shear Wall Design for Different R-Factors 
Changing R factors affects the design base shear for the lateral load resisting system, which 
was an RC shear wall in this study. The flat plate floor system for gravity load resistance was 
kept the same as the previous designs. The total weight and design base shears with different R-
values are presented in Table 6-1 and Table 6-2 for SW9-2 and SW12-2, respectively. Both 
values were for a single wall of a total of eight walls in the building. The total weight of the 
buildings were not changed much because it mainly came from the self-weight of the slab. Some 
weight of frames was added but the change was not significant because only the dimensions of 
the walls were changed slightly and the other frame members were kept the same. The design 
base shears decreased inversely proportional to the increase ofR-values. 
The dimensions of the designed walls with different R-values were presented in Table 6-3 
and Table 6-4 for SW9-2 and SW12-2, respectively. The lengths and heights of the walls were 
fixed, but other dimensions such as wall thickness and the size of the boundary element were 
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changed for the reduced design base shears. From R=6 to R=7 for SW9-2, the length of the 
boundary region was only reduced and the other dimensions were not. From R=6 to R=8 for 
SW9-2, the wall thickness and the length of the boundary region were reduced. From R=6 to 
R=7 for SW12-2, the wall thickness and the length of the boundary region were also reduced. 
These changes of the wall dimensions were closely related to the placement of reinforcement. 
The amount of the web reinforcement complied with the minimum reinforcement ratio, 
0.0025, so the amount was changed only a little with different R-values (Table 6-5 and Table 
6-7). The reinforcement in the boundary region was the main parameter that changed. As shown 
in Table 6-6 and Table 6-8, the reinforcement ratios were kept about same for all R-values to 
keep this parameter uniform for all designs. Consequently, the dimensions and the amount of 
reinforcement were reduced to keep the reinforcement ratios the same as R-values increased. 
Table 6-1 Total Weight and Design Base Shear with Different R-Factors (SW9-2, Single 
Wall) 
R=6 R=7 R=8 
Total Weight (kips) 7373.4 7373.4 7317.3 
Base Shear (kips) 1314.9 1127.1 978.7 
Table 6-2 Total Weight and Design Base Shear with Different R-Factors (SW12-2, Single 
Wall) 
R=6 R=7 
Total Weight (kips) 7513.6 7457.5 
Base Shear (kips) 1120.6 953.3 
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Table 6-3 Dimensions of Designed Shear Walls with Different R-Factors (SW9-2) 
Lw (in.) Hw (in.) hf (in.) bf (in.) tw (in.) 
R=6 396 1404 78 32 32 
R=7 396 1404 72 32 32 
R=8 396 1404 72 30 30 
Table 6-4 Dimensions of Designed Shear Walls with Different R-Factors (SW12-2) 
Lw (in.) Hw (in.) hf (in.) bf (in.) tw (in.) 
R=6 396 1872 80 40 28 
R=7 396 1872 74 40 24 
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Table 6-5 Reinforcement of Shear Walls (Web Region, SW9-2) 
Web 
Type Story Horizontal Vertical 
Reinf. Ratio (%) Reinf. Ratio (%) 
R=6 1-9 2-#6@10in 0.275 2-#6@10in 0.275 
R=7 1-9 2-#6@10in 0.275 2-#6@10in 0.275 
R=8 1-9 2-#6@10in 0.293 2-#6@10in 0.293 
Table 6-6 Reinforcement of Shear Walls (Boundary Region, SW9-2) 
Boundary 
Type Story Longitudinal Confinement* 
Reinf. Ratio (%) Reinf. Ratio (%) 
1-2 34-#11 2.13 
R=6 3-4 34-#10 1.73 #5@4.5in 1.29 
5-9 34-#9 1.36 
1-2 30-#11 2.03 
3-4 30-#10 1.65 
R=7 #5@4.0in 1.28 
5-6 30-#9 1.30 
7-9 30-#8 1.02 
1-2 28-#11 2.02 
3-4 28-#10 1.65 
R=8 #5@4.0in 1.32 
5-6 28-#9 1.30 
7-9 28-#8 1.02 
* Ratio of confinement is volumetric (%) 
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Table 6-7 Reinforcement of Shear Walls (Web Region, SW12-2) 
Web 
Type Story Horizontal Vertical 
Reinf. Ratio (%) Reinf. Ratio (%) 
R=6 1-12 2-#6@12in 0.262 2-#6@12in 0.262 
R=7 1-12 2-#6@13in 0.282 2-#6@13in 0.282 
Table 6-8 Reinforcement of Shear Walls (Boundary Region, SW12-2) 
Boundary 
Type Story Longitudinal Confinement* 
Reinf. Ratio (%) Reinf. Ratio (%) 
1--2 48-#11 2.34 
3-4 48-#10 1.91 
R=6 #5@5in 1.39 
5-9 48-#9 1.50 
7-12 48-#8 1.19 
1-2 44-#11 2.32 
3-4 44-#10 1.89 
R=7 #5@5in 1.36 
5-6 44-#9 1.49 
7-12 44-#8 1.17 
* Ratio of confinement is volumetric (%) 
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6.3 Performance Evaluation of Shear Walls for Different R-Factors 
The calculated periods of the designed buildings for different R-values are presented in 
Table 6-9. As mentioned above, the weight of the buildings was not changed for different R-
values. The dimensions of the shear walls were reduced as the R-values increased. The same 
weight and the reduced dimensions leads to an increase of the period of the building. As a result, 
the periods increased as R-values increased (Table 6-9). It should be noted that the stiffnesses 
used for the calculated periods were based on section analysis. That is why the period of SW9-2 
with R=7 was larger than R=6 even though the dimensions of both are identical. 
Table 6-9 Calculated Periods with Different R-Factors 
SW9-2 SW12-2 
R=6 R=7 R=8 R=6 R=7 
Period 0.903 0.934 0.962 1.357 1.405 (second) 
6.3.1 Median Drift Demands for Different R-Factors 
The calculated median drift demands and ~acc for global collapse of shear walls and local 
collapse of flat plate floor systems with different R-values are shown in Figure 6-1 and Figure 
6-2, respectively. The demands are very close to each other for both SW9-2 and SWI2-2. It is 
easily supposed that the demands would decrease if the R-values increased. The results, 
however, showed that the supposition may not be always true. The drift demand for SW9-2 with 
R=7 was even smaller than for R=6. The demand for SW12-2 with R=7 showed the same result. 
This can be explained by the periods of the buildings and the spectral accelerations at those 
periods. 
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Figure 6-1 Median Drift Demands and ~acc for Global Collapse of Shear Walls due to 
Different R-Factors (SW9-2, SW12-2) 
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Figure 6-2 Median Drift Demands and ~acc for Local Collapse of Flat Plate Floor System 
due to Different R-Factors (SW9-2, SW12-2) 
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Figure 6-3 exhibits base shear versus displacement relationships with different R-factors; Dy 
represents the yield displacement, Dmax represents the maximum inelastic displacement, and V D 
represents the design base shear. The periods presented in Table 6-9 show that the change of the 
R -factor also changes the period, so the slope in the elastic range, VoIDy, decreases as the R-
factor increases. The locations of Dy and Dmax were exaggerated to distinguish them from each 
other. It should be noted that the size of both displacements are not always of the order shown in 
the figure. If assuming that the total energy that should be dissipated is the same, the maximum 
displacement of the building with R=8 should be the largest of the three R-values. This is right, 
however, if the elastic slopes are the same and the design base shears were only reduced. In the 
designed buildings with different .R-values above, the slopes as well as the R-values were 
reduced. That is to say, the periods of the buildings reduced at the same time as the R-values. 
Base Shear 
V 
R=6 
R=7 
R=8 
Displacement 
Figure 6-3 Base Shear vs. Displacement Relationships with Different R-Factors 
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The change of the period means that there is also a change of the spectral acceleration. The 
change of the spectral acceleration means that there is also a change in the applied force to the 
building. Figure 6-4 and Figure 6-5 show the spectral accelerations due to different R-factors for 
SW9-2 and SW12-2, respectively. As can be seen in the figures, the mean values of the spectral 
accelerations decrease as the periods increase due to the increase of R-values. This decrease of 
the spectral accelerations compensated for the decrease in the slope. The median drift demands 
for SW12-2 with R=7 were even smaller than for R=6. As a result of this, the demands with 
different R-values were not changed much. The low P-Ll effect may be another reason for the 
observed behavior. Table 6-10 and Table 6-11 present the drift demands for individual 
accelerograms and the median drift demands for global collapse of SW9-2 and SW12-2, 
respectively. Table 6-12 and Table 6-13 present the drift demands of individual accelerograms 
and the median drift demands for local collapse of SW9-2 and SW12-2, respectively. 
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Figure 6-4 Spectral Accelerations for LA21-LA40 due to different R-Factors (SW9-2) 
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Table 6-10 Median Drift Demands for Global Collapse of Shear Walls due to Different R-
Factors (SW9-2) 
SW9-2 (R=6) SW9-2 (R=7) SW9-2 (R=7) 
LA21 0.0229 0.0231 0.0226 
LA22 0.0176 0.0183 0.0183 
LA23 0.0083 0.0084 0.0090 
LA24 0.0274 0.0239 0.0214 
LA25 0.0141 0.0143 0.0162 
LA26 0.0190 0.0196 0.0219 
LA27 0.0264 0.0260 0.0265 
LA28 0.0207 0.0205 0.0192 
LA29 0.0145 0.0124 0.0122 
LA30 0.0260 0.0295 0.0306 
LA31 0.0215 0.0210 0.0209 
LA32 0.0226 0.0240 0.0223 
LA33 0.0215 0.0229 0.0236 
LA34 0.0230 0.0252 0.0221 
LA35 0.0412 0.0342 0.0379 
LA36 0.0407 0.0381 0.0408 
LA37 0.0219 0.0222 0.0212 
LA38 0.0298 0.0317 0.0327 
LA39 0.0097 0.0095 0.0110 
LA40 0.0280 0.0270 0.0306 
Mean (LN) -3.8497 -3.8566 -3.8369 
Median, iJ 0.0213 0.0211 0.0216 
STD (LN), f3acc 0.4026 0.3966 0.3887 
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Table 6-11 Median Drift Demands for Global Collapse of Shear Walls due to Different R-
Factors (SW12-2) 
SW12-2 (R=6) SW12-2 (R=7) 
LA21 0.0166 0.0209 
LA22 0.0094 0.0101 
LA23 0.0094 0.0122 
LA24 0.0176 0.0169 
LA25 0.0184 0.0094 
LA26 O.Ol fO 0.0133 
LA27 0.0206 0.0154 
LA28 0.0174 0.0149 
LA29 0.0111 0.0112 
LA30 0.0258 0.0267 
LA31 0.0139 0.0151 
LA32 0.0257 0.0206 
LA33 0.0137 0.0138 
LA34 0.0143 0.0161 
LA35 0.0309 0.0325 
LA36 0.0205 0.0228 
LA37 0.0164 0.0170 
LA38 0.0261 0.0271 
LA39 0.0079 0.0076 
LA40 0.0174 0.0165 
Mean (LN) -4.1243 -4.1406 
Median, D 0.0162 0.0159 
STD (LN), J3acc 0.3726 0.3729 
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Table 6-12 Median Drift Demands for Local Collapse of Flat Plate Floor System due to 
Different R-Factors (SW9-2) 
SW9-2 (R=6) SW9-2 (R=7) SW9-2 (R=7) 
LA21 0.0237 0.0216 0.0262 
LA22 0.0202 0.0198 0.0173 
LA23 0.0085 0.0091 0.0096 
LA24 0.0252 0.0252 0.0228 
LA25 0.0157 0.0155 0.0151 
LA26 0.0211 0.0226 0.0218 
LA27 0.0246 0.0246 0.0280 
LA28 0.0261 0.0211 0.0206 
LA29 0.0155 0.0135 0.0134 
LA30 0.0244 0.0301 0.0269 
LA31 0.0235 0.0203 0.0196 
LA32 0.0232 0.0243 0.0240 
LA33 0.0235 0.0266 0.0249 
LA34 0.0224 0.0251 0.0216 
LA35 0.0410 0.0362 0.0364 
LA36 0.0370 0.0390 0.0411 
LA37 0.0207 0.0195 0.0233 
LA38 0.0322 0.0347 0.0365 
LA39 0.0094 0.0095 0.0102 
LA40 0.0293 0.0288 0.0290 
Mean (LN) -3.8199 -3.8228 -3.8217 
Median, iJ 0.0219 0.0219 0.0219 
STD (LN), J3acc 0.3864 0.3920 0.3885 
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Table 6-13 Median Drift Demands for Local Collapse of Flat Plate Floor System due to 
Different R-Factors (SW12-2) 
SW12-2 (R=6) SW12-2 (R=7) 
LA21 0.0192 0.0209 
LA22 0.0119 0.0125 
LA23 0.0111 0.0140 
LA24 0.0205 0.0195 
LA25 0.0267 0.0125 
LA26 0.0181 0.0178 
LA27 0.0218 0.0209 
LA28 0.0188 0.0190 
LA29 0.0111 0.0112 
LA30 0.0257 0.0250 
LA31 0.0200 0.0204 
LA32 0.0257 0.0206 
LA33 0.0166 0.0188 
LA34 0.0161 0.0178 
LA35 0.0250 0.0325 
LA36 0.0286 0.0289 
LA37 0.0204 0.0218 
LA38 0.0336 0.0348 
LA39 0.0122 0.0118 
LA40 0.0297 0.0283 
Mean(LN) -3.9315 -3.9410 
Median, b 0.0196 0.0194 
STn (LN), J3acc 0.3344 0.3297 
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6.3.2 Median Drift Capacities for Different R-Factors 
The drift capacities decreased as the R-values increased for both SW9-2 and SW12-2. It can 
be predicted that the confidence levels will decrease as the R increases because the demands 
were not changed much. Unlike the demands, the capacities were affected by the change of R-
value. On the demand side, the drift demands depend on the levels of the spectral accelerations. 
On the capacity side, the drift capacities are independent of the levels of the spectral 
accelerations. They are determined at large drifts, so they are affected by the p-~ effect. The 
shear walls designed for lower base shears are influenced by the p-~ effect more than those 
designed for higher base shears. This resulted in the smaller capacities for larger R-values. Table 
6-14 and Table 6-15 present the drift capacities of individual accelerograms and the median drift 
capacities for SW9-2 and SW12-2, respectively. 
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Figure 6-6 Median Drift Capacities for Global Collapse of Shear Walls due to Different R-
Factors (SW9-2, SW12-2) 
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Table 6-14 Calculated Median Drift Capacities for Global Collapse of Shear Walls due to 
Different R-Factors (SW9-2) 
SW9-2 (R=6) SW9-2 (R=7) SW9-2 (R=7) 
LA21 0.1000 0.1000 0.1000 
LA22 0.1000 0.1000 0.1000 
LA23 0.1000 0.1000 0.0463 
LA24 0.1000 0.0835 0.1000 
LA25 0.1000 0.0638 0.0663 
LA26 0.1000 0.1000 0.1000 
LA27 0.1000 0.0758 0.0722 
LA28 0.0783 0.0558 0.0704 
LA29 0.0547 0.0479 0.0394 
LA30 0.0679 0.0343 0.0538 
LA31 0.1000 0.1000 0.1000 
LA32 0.0933 0.0821 0.0910 
LA33 0.1000 0.1000 0.0841 
LA34 0.1000 0.0847 0.0983 
LA35 0.0692 0.0736 0.0771 
LA36 0.0489 0.0845 0.0788 
LA37 0.1000 0.1000 0.0719 
LA38 0.0954 0.0782 0.0872 
LA39 0.0685 0.0820 0.0371 
LA40 0.0765 0.0750 0.0693 
Mean (LN) -2.4566 -2.5459 -2.6034 
Median, C 0.0883 0.0784 0.0740 
STD (LN), J3RC 0.2257 0.2834 0.3113 
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Table 6-15 Median Drift Capacities for Global Collapse of Shear Walls due to Different R-
Factors (SW12-2) 
SW12-2 (R=6) SW12-2 (R=7) 
LA21 0.0842 0.0810 
LA22 0.0368 0.0595 
LA23 0.0852 0.0987 
LA24 0.1000 0.0766 
LA25 0.1000 0.0812 
LA26 0.1000 0.0792 
LA27 0.0488 0.0411 
LA28 0.0548 0.0368 
LA29 0.0644 0.0272 
LA30 0.0219 0.0401 
LA31 0.0936 . 0.0794 
LA32 0.1000 0.1000 
LA33 0.0888 0.0680 
LA34 0.0914 0.0764 
LA35 0.0773 0.0658 
LA36 0.0661 0.0681 
LA37 0.0781 0.0592 
LA38 0.0788 0.0605 
LA39 0.0319 0.0603 
LA40 0.0531 0.0327 
Mean(LN) -2.6934 -2.7973 
A 
Median, C 0.0676 0.0610 
STD (LN), I3Rc 0.4270 0.3655 
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6.3.3 Confidence Levels for Different R-Factors 
6.3.3.1 Confidence Levels for Global Collapse of Shear Walls 
The median drift demands and capacities for global collapse of shear walls with different R-
factors are exhibited in Figure 6-7. The parameters for the confidence levels are presented in 
Table 6-16 and Table 6-17. As described above, the demands were hardly affected by the 
change of R-values. The difference of parameters related to the demand was also negligible for 
R-values, as shown in the tables. The capacities were affected by the change of R-values. It is 
already observed that the capacities decrease as the R-values increase. At the same time, the 
~RC'S for SW9-2 increased as the R-values increased. The ~RC'S for SW12-2 showed an opposite 
result of decreasing. The result for SW9-2 can be explained by the reduction of the number of 
O.lO's arising from an increase of the P-L1 effect. The result for SW12-2 can be explained by the 
convergence of the drift capacities. The individual capacities for SW12-2 with R=6 already 
showed the smaller numbers of 0.10 capacities, unlike SW9-2. Only one capacity for SW12-2 
with R=7 was 0.10, while the others converged to the median capacity value (Table 6-15). 
The increase of the ~RC'S caused the resistance factor, ~, to decrease. As a result, the 
product of the resistance factor and the median drift capacity dropped more. This resulted in the 
reduced confidence levels for higher R-values in SW9-2. The decrease of the J3RC'S caused the 
resistance factor, ~, to increase. As a result, the ~ for SW12-2 with R=7 was larger than R=6. 
This resulted in similar confidence levels because the product of the resistance factor and the 
median drift capacity for SW12-2 with both R=6 and 7 were very close, and the median drift 
demands were close as well. The calculated confidence levels for both SW9-2 and SW12-2 with 
different R-values are shown in Figure 6-8. 
The confidence levels for SW12-2 with both R=6 and 7 were higher than 90%, so the effect 
of changing R-values was negligible. The confidence levels for R=6, 96%, dropped to 92 % for 
R=7, and 89% for R=8. This implies that the shear wall building designed using R=7 satisfies 
the performance objectives for global collapse prevention and the R-factor could be replaced by 
the increased value ofR=7. 
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Figure 6-7 Median Drift Demands and Capacities for Global Collapse of Shear Walls due 
to Different R-Factors 
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Table 6-16 Parameters and Confidence Levels for Global Collapse of Shear Walls Due to 
Different R-Factors (SW9-2) 
Variables SW9-2 (R=6) SW9-2 (R=7) SW9-2 (R=8) 
b 1 1 1 
k 3 3 3 
PRC 0.1831 0.2834 0.3113 
Puc 0.4300 0.4300 0.4300 
<PRC 0.9510 0.8865 0.8647 
Capacity 
<Puc 0.7578 0.7578 0.7578 
<P 0.7206 0.6718 0.6553 
C 0.0883 0.0784 0.0740 
Pace 0.4026 0.3966 0.3887 
Por 0.4325 0.3982 0.4046 
PRO 0.5909 0.5620 0.5611 
Y 1.6883 1.6061 1.6035 
PNTH 0.2500 0.2500 0.2500 
Demand Pperiod 0.0481 0.0481 0.0481 
Pdamping 0.0548 0.0596 0.0385. 
Pmp 0.0229 0.0577 0.0237 
PRO for Ya 0.2614 0.2678 0.2586 
Ya 1.1080 1.1135 1.1055 
b 0.0213 0.0211 0.0216 
J3UT 0.50 0.51 0.50 
A 1.597 1.396 1.266 
Confidence Level (%) 96 92 89 
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Table 6-17 Parameters and Confidence Levels for Global Collapse of Shear Walls Due to 
Different R-Factors (SW12-2) 
Variables SW12-2 (R=6) SW12-2 (R=7) 
b 1 1 
k 3 3 
~RC 0.4270 0.3655 
~uc 0.4300 0.4300 
~RC 0.7607 0.8184 
Capacity 
~uc 0.7578 0.7578 
~ 0.5765 0.6202 
C 0.0676 0.0610 
~acc 0.3726 0.3729 
~or 0.2999 0.2395 
~RD 0.4783 0.4432 
Y 1.4094 1.3426 
~NTH 0.2500 0.2500 
Demand ~period 0.0119 0.0119 
~damping 0.0808 0.0641 
~mp 0.0778 0.0777 
~RD forYa 0.2743 0.2698 
Ya 1.1194 1.1154 
b 0.0162 0.0159 
f3UT 0.51 0.51 
A. 1.525 1.589 
Confidence Level (0/0) 94 95 
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6.3.3.2 Confidence Levels for Local Collapse 
The confidence levels for local collapse of the flat plate floor system were easy to predict. 
The capacity of SW9-2 and SW12-2 were the same regardless ofR-factors because the design of 
the flat plate floor system is not affected by R-factors. The median drift demands were hardly 
changed as mentioned before. The confidence levels, therefore, will be barely affected by the R-
factors. The parameters and the confidence levels for the local collapse of SW9-2 and SW12-2 
with different R-values are presented in Table 6-18 and Table 6-19, respectively. Because the 
confidence levels for local collapse were already very high values for the original buildings 
(R=6), the change of the confidence levels by different R-values is not a significant factor for the 
performance obj ective. 
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Table 6-18 Parameters and Confidence levels for Local Collapse of Flat Plate Floor System 
Due to Different R-Factors (SW9-2) 
Variables SW9-2 (R=6) SW9-2 (R=7) SW9-2 (R=8) 
b 1 1 1 
k 3 3 3 
PRC 0.2500 0.2500 0.2500 
Puc 0.3000 0.3000 0.3000 
<PRC 0.9105 0.9105 0.9105 
Capacity 
<Puc 0.8737 0.8737 0.8737 
<P 0.7955 0.7955 0.7955 
C 0.0687 0.0687 0.0687 
Pace 0.3864 0.3920 0.3885 
Por 0.4217 0.3982 0.4046 
PRD 0.5720 0.5588 0.5609 
Y 1.6335 1.5973 1.6031 
PNTH 0.2500 0.2500 0.2500 
Demand Pperiod 0.0633 0.0633 0.0633 
Pdamping 0.0894 0.0596 0.0385 
Pmp 0.0229 0.0577 0.0237 
PRD for Ya 0.2739 0.2709 0.2618 
Ya 1.1191 1.1164 1.1083 
b 0.0219 0.0219 0.0219 
f3UT 0.41 0.40 0.40 
A. 1.365 1.399 1.405 
Confidence Level (%) 92 92 92 
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Table 6-19 Parameters and Confidence Levels for Local Collapse of Flat Plate Floor 
System Due to Different R-Factors (SWI2-2) 
Variables SW12-2 (R=6) SW12-2 (R=7) 
b 1 1 
k 3 3 
~RC 0.2500 0.2500 
~uc 0.3000 0.3000 
<PRC 0.9105 0.9105 
Capacity 
<Puc 0.8737 0.8737 
<P 0.7955 0.7955 
C 0.0710 0.0710 
~acc 0.3344 0.3297 
~or 0.3597 0.2395 
~RD 0.4911 0.4075 
Y 1.4359 1.2829 
~NTH 0.2500 0.2500 
Demand ~period 0.1098 0.1098 
~damping 0.0811 0.0641 
~mp 0.0290 0.0290 
~RD for Ya 0.2863 0.2820 
Ya 1.1308 1.1267 
D 0.0196 0.0194 
~UT 0.41 0.41 
A 1.775 2.014 
Confidence Level (%) 98 98 
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6.4 Summary of Results 
The perfonnance of the shear wall buildings designed to different R-factors was studied in 
this chapter. Two of the prototype buildings, SW9-2 and SW12-2, were investigated with 
different R-factors, R=7 and 8, and R=7, respectively. The factor, R=6 is the design value for 
the original buildings. The perfonnance evaluation procedure conducted in the previous section 
was used for the buildings with the different R-values. The results are summarized below. 
The periods of the buildings designed by different R-factors were changed because the 
weight of the buildings was essentially fixed, but the stiffness varies by the change of dimensions 
and reinforcement of the buildings. The change of the drift demands was negligible because of 
the shift of period and the low P-Ll effect. The drift capacities increased as the R-values 
increased. This resulted from the high P-Ll effect at the capacity drift level. 
The confidence levels for SW9-2 fell only slightly below 90% for R equal to 6. This 
indicates that the R-factor equal to 7 can be used for design. The confidence levels for SW12-2 
indicate that increasing R-values does not always decrease the confidence level. This resulted 
from the complexity of the behavior of an inelastic dynamic analysis. The capacities for local 
collapse were kept because the flat plate floor system was not affected by the change ofR-value. 
The demands did not show much difference. As a result, the confidence levels for the local 
collapse were kept high even for the different R-values. 
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7 Conclusions and Recommendations 
7.1 Conclusions 
A new approach for detennining R -factors utilizing the perfonnance evaluation procedure 
has been studied in order to obtain a rational methodology. Although the procedure was long and / 
tedious, it appears to be adequate. The modeling and behavior of RC shear walls were also 
examined. The results and conclusions from the study are now summarized. 
1. The proposed macro-model for shear walls showed good agreement with the test results. 
The modeling of shear defonnation was not complete, but the total defonnation from flexure and 
shear defonnation was represented very well. This simple model is a good tool for analysis to 
obtain the drift demand and capacity, which are the major design parameters for perfonnance 
evaluation. 
2. Some methodologies for the IDA in the SAC project that investigated relatively flexible 
steel moment frames may not be applied to stiff structures like shear walls. Steel frames are 
flexible and highly affected by the P-~ effect, while shear walls are stiff and not highly affected 
by that effect. Also, some shear walls behave in a brittle manner leading to impossibly low 
capacities. An energy-equivalent elasto-plastic analogy used in this study may be a better 
method for detennining the drift capacities of shear walls. 
3. The confidence levels for the global collapse of shear walls were greater than 90% in all 
prototype buildings except SW9-1. This means that the buildings satisfied the target, which is a 
90% confidence in satisfying the global Collapse Prevention perfonnance level for the 2/50-
hazard level. The confidence level of SW9-1 was only slightly under 90%. 
4. The confidence levels for global collapse of the flat plate floor system were greater than 
90% for all the prototype buildings. The result showed that the confinement reinforcement in the 
gravity columns is very important for building perfonnance during earthquakes. 
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5. The confidence levels for local collapse of the flat plate floor system were much larger 
than 50% in all prototype bUildings. This means that the buildings satisfied the target, which is 
50% confidence in satisfying the local collapse prevention performance level for the 2/50-hazard 
level. Some of the confidence levels for the local collapse of the system without shear 
reinforcement in the slab were less than 50%. It is highly recommended, therefore, the sufficient 
shear reinforcement be placed in the slab. The longitudinal reinforcement in the bottom of the 
slab through the column core is also very important in preventing progressive collapse. 
6. The influence of drift capacity limits of shear walls on the confidence levels is 
significant. If the limit values are 0.06 or 0.07, the confidence levels for three- or nine-story 
buildings fall below 90%. Tests of shear walls to moderate and large drifts are needed. 
7. The influence of the p-~ effect on drift demands and capacities was different. The 
relatively low effect on the demands resulted in a negligible change for the different R-values. 
The relatively high effect for the capacities resulted in an evident change for the different R-
values. 
8. The new approach utilizing the performance evaluation procedure may be an important 
methodology for determining R-factors. One can determine proper R-values for a building 
following the procedure. The confidence level for SW9-2 with R=8 dropped to below 90%. 
This suggested that the R-value for shear walls may be increased to R=7, but experimental and 
analytical investigations are needed to safely determine this. 
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7.2 Recommendations 
The perfonnance evaluation procedure has been utilized for detennining R-factors. During 
the utilization, various issues have arisen and been investigated and calibrated, but some of them 
still need more investigation. They are as follows: 
1. The ultimate drift capacity for shear walls was very significant in detennining the 
perfonnance of the walls. Many tests for shear walls have been conducted to study the behavior 
of shear walls. The behavior studied has been focused on various topics, such as: flexural and 
shear strength, hysteretic behavior, strength dropping, pinching, reinforcement in web and 
boundary regions, and the confinement effect. These have been investigated by many 
researchers, so they are well known. The ultimate shear wall drift capacity, however, has not 
been studied in the tests. The tests have been stopped at low drift levels, 2-30/0, which are much 
less than the drift capacities determined by the IDA. Consequently, it is necessary that tests be 
conducted for detennining the ultimate drift capacity of shear walls. 
2. The behavior of shear walls is more complicated than that of column or beam members. 
Even though walls are well designed to show flexure-dominant behavior, the shear behavior 
(shear distortion) also plays an important role in controlling horizontal displacement. The 
contribution of the shear behavior to the top displacement of a wall may not be significant, but 
the concentrated shear defonnation at lower stories can affect the drift at these stories. In this 
study, the shear behavior spring model was separated from the flexure behavior model, but the 
modeling parameters for shear behavior were controlled by the flexure behavior. This 
methodology was adequate to estimate the parameters for the performance evaluation, but it is 
not complete. An advanced model could be a single element representing flexure and shear-
coupled behavior. In addition, a more reliable way to estimate the shear defonnation should be 
established. The shear defonnation is expected to be a function of the shear reinforcement and 
shear stress, and the ratio of flexure to shear strength as well. If a relationship between the shear 
defonnation and other variables is set, a good model for a shear wall would be one with a single 
flexure and shear-coupled element. 
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3. The lateral load resisting system was the RC shear wall for the prototype buildings. The 
interest for researchers is usually concentrated on the behavior of RC walls for performance 
evaluation of buildings. The gravity load system, which is a flat plate floor system in this study, 
however, also experienced large displacements even though the system is not designed for lateral 
seismic loads. The failure of the gravity system can also be the failure of the building during an 
earthquake. Much research has been conducted on slab-column sub-assemblages of the flat plate 
floor system. The research on slab behavior has focused on punching shear failure as the main 
issue, but the column behavior has not been studied because the column was considered as an 
elastic member in that research. The columns in the buildings, however, have low moment 
strengths and the slab is relatively thick, which results in the yielding and large inelastic 
deformation of the columns by seismic loads. Consequently, more tests of the flat plate floor 
system focused on the performance of columns are necessary, even though the current code 
specifies that the confinement reinforcement in the columns must be sufficient to ensure 
sufficient ductility. 
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APPENDIX 
Input Formats for No.1 0 Element (Elasticity Code 4) 
Table A-I Addtitionalline to define the property of No. 10 element with elasticity code 4 
Columns Variables Data 
1-10 (R) vmgp [Mg+] Positive pinching moment. Use -1.0 for no pinching 
11-20 (R) vmgn [Mg-] Negative pinching moment. Use -1.0 for no pinching 
21-25 (R) prall [v +] Slip co~fficient, positive deformation (default 1.0 - no slip) 
26-30 (R) pral2 [v-] Slip coefficient, negative deformation (default 1.0 - no slip) 
31-40 (R) delup [Du +] Positive fracture deformation 
41-50 (R) delun [Du -] Negative fracture deformation 
51-60 (R) shupd Strain hardening update 
(-1.0: No update, 1.0; 1.0: default, update) 
61-65 (R) fgama [y] Unloading stiffness factor (default 0.5) 
66-70 (R) ratmyp ['t + ] Strength drop ratio, Positive strength (default 0.5) 
70-75 (R) ralmyn ['t -] Strength drop ratio, Negative strength (default 0.5) 
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Drain Input File for SW3-2 
! ****************************************************************** 
! drain.inp 
! ****************************************************************** 
*STARTXX 
drain 001 1 DYNAMIC ANALYSIS 
! ****************************************************************** 
*NODECOORDS 
! GENERATE CONTROL NODES (CENTER NOD E)- SHEAR WALL 
! FIRST LEVEL HORIZONTAL NODES 
C 0110 0.0 0.0 
C 0120 192.0 0.0 
C 0130 384.0 0.0 
! FIRST LEFT VERTICAL NODES 
C 0210 0.0 156.00 
C 0410 0.0 468.00 
! GENERATE NODES ALONG HORIZONTAL & VERTICAL AXES 
L 0210 0410 100 1 156.0 
! USE FRONTAL EXTRAPOLATION TO GENERATE ALL OTHER NODES 
FOlIO 0130 10 0410 100 
! ------------------------------------------------------------------
! GENERATE CONTROL NODES (ADDITIONAL XXl)- SHEAR WALL 
C 0121 192.0 0.0 
C 0221 192.0 156.0 
C 0321 192.0 312.0 
! ------------------------------------------------------------------
! GENERATE CONTROL NODES (CENTER NOD E)- SLAB-COLUMN 
FIRST LEVEL HORIZONTAL NODES 
C 1110 420.0 0.0 
C 1120 756.0 0.0 
C 1130 1092.0 0.0 
C 1140 1428.0 0.0 
C 1150 1764.0 0.0 
! FIRST LEFT VERTICAL NODES 
C 1210 420.0 156.00 
C 1410 420.0 468.00 
! GENERATE NODES ALONG HORIZONTAL & VERTICAL AXES 
L 1210 1410 100 1 156.0 
! USE FRONTAL EXTRAPOLATION TO GENERATE ALL OTHER NODES 
FI110 1150 10 1410 100 
! ------------------------------------------------------------------
! GENERATE CONTROL NODES (ADDITIONAL XXX1)- SLAB-COLUMN 
! FIRST LEVEL HORIZONTAL NODES 
C 1121 756.0 0.0 
C 1131 1092.0 0.0 
C 1141 1428.0 0.0 
! FIRST LEFT VERTICAL NODES 
C 1221 756.0 156.00 
C 1321 756.0 312.00 
! USE FRONTAL EXTRAPOLATION TO GENERATE ALL OTHER NODES 
F 1121 1141 10 1321 100 
! ------------------------------------------------------------------
! GENERATE CONTROL NODES (ADDITIONAL XXX2)- SLAB-COLUMN 
FIRST LEVEL HORIZONTAL NODES 
C 1222 756.0 156.0 
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C 1232 1092.0 156.0 
C 1242 1428.0 156.0 
! FIRST LEFT VERTICAL NODES 
C 1322 756.0 312.00 
C 1422 756.0 468.00 
! USE FRONTAL EXTRAPOLATION TO GENERATE ALL OTHER NODES 
F 1222 1242 10 1422 100 
! ------------------------------------------------------------------
! GENERATE CONTROL NODES (ADDITIONAL XXX3)- SLAB-COLUMN 
! FIRST LEVEL HORIZONTAL NODES 
C 1223 756.0 156.0 
C 1233 1092.0 156.0 
C 1243 1428.0 156.0 
! FIRST LEFT VERTICAL NODES 
C 1323 756.0 312.00 
C 1423 756.0 468.00 
! USE FRONTAL EXTRAPOLATION TO GENERATE ALL OTHER NODES 
F 1223 1243 10 1423 100 
! ------------------------------------------------------------------
! GENERATE CONTROL NODES (ADDITIONAL XXX4)- SLAB-COLUMN 
! FIRST LEVEL HORIZONTAL NODES 
C 1224 756.0 156.0 
C 1234 1092.0 156.0 
C 1244 1428.0 156.0 
! FIRST LEFT VERTICAL NODES 
C 1324 756.0 312.00 
C 1424 756.0 468.00 
! USE FRONTAL EXTRAPOLATION TO GENERATE ALL OTHER NODES 
F 1224 1244 10 1424 100 
! ------------------------------------------------------------------
! ****************************************************************** 
*RESTRAINTS 
! HINGED NODES 
SIlO 0110 
S 110 0120 
S 110 0130 
SIlO 1110 
S 111 1120 
SIll 1130 
SIll 1140 
SIlO 1150 
! ****************************************************************** 
*SLAVING 
! ------------------------------------------------------------------
MASTER SLA VE - SLA VE 
SOIl 0120 0121 
SOlO 0220 0221 
SOlO 0320 0321 
SIlO 1120 1121 
SIlO 1130 1131 
S 110 1140 1141 
S 110 1210 1220 1224 
SIlO 1210 1230 1234 
S 110 1210 1240 1244 
SIlO 1210 1250 
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SIlO 1310 1320 1324 
SIlO 1310 1330 1334 
S 110 1310 1340 1344 
SIlO 1310 1350 
SIlO 1410 1420 
S 110 1410 1422 1424 
S 110 1410 1430 
SIlO 1410 1432 1434 
SIlO 1410 1440 
SIlO 1410 1442 1444 
SIlO 1410 1450 
! ****************************************************************** 
*MASSES 
! CONSIDER ONLY X MASS, NEGLECT Y MASS AND ROTATIONAL MASS 
! . .INPUT AS KIPS AND APPLY SCALE F ACTOR= 386.4 ..... 
! ------------------------------------------------------------------
! X-MASS 
S 100 232.96 0210 0230 10 386.4 1.0 
S 100 232.96 0310 0330 10 386.4 1.0 
S 100 223.85 0410 0430 10 386.4 1.0 
S 100 139.78 1210 1250 10 386.4 1.0 
S 100 139.78 1310 1350 10 386.4 1.0 
S 100 134.31 1410 1450 10 386.4 1.0 
! ****************************************************************** 
*ELEMENTGROUP 
Group 1 
! ------------------------------------------------------------------
! DEFINE RIGID COLUMNS 
2 1 2 1.0 RIGID ELEMENT (WALL) 
! ------------------------------------------------------------------
! INPUT SPECIFIC TO ELEMENT TYPE 2 
1 0 1 
! ------------------------------------------------------------------
! STIFFNESS TYPES 
E SHR Ag Ix kii kjj kij 
1 3605.0 0.01 1.0e10 1.0elO 4.0 4.0 2.0 
! ------------------------------------------------------------------
! YIELD SURFACE TYPES 
My+ My- Pc Pt 
1.0E15 1.0E15 1.0E15 1.0E15 
! ------------------------------------------------------------------
! ELEMENT GENERATION COMMANDS 
1 0121 0220 1 1 1 1 
2 0221 0320 1 1 1 1 
3 0321 0420 1 1 1 1 
4 
5 
6 
7 
8 
9 
0210 
0220 
0310 
0320 
0410 
0420 
0220 
0230 
0320 
0330 
0420 
0430 
! ****************************************************************** 
*ELEMENTGROUP 
! Group 2 
! ------------------------------------------------------------------
! DEFINE CONNECTION 
185 
1 2 VERTICAL LINK 
! ------------------------------------------------------------------
! INPUT SPECIFIC ELEMENT TO TYPE 10 
1 
! ------------------------------------------------------------------
! PROPERTY TYPES: 1, VERTICAL RIGID LINK FOR WALL & FRAME 
1 3605 0.01 576.0 1.0E15 1.0E15 0 
! ------------------------------------------------------------------
! ELEMENT GENERATION COMMANDS 
1 1110 1210 1 
2 1210 1310 1 
3 1310 1410 1 
4 1150 1250 1 
5 1250 1350 1 
6 1350 1450 1 
! ****************************************************************** 
*ELEMENTGROUP 
! Group 3 
! ------------------------------------------------------------------
! DEFINE CONNECTION (CONCRETE CONNECTION MODEL) 
10 1 2 SPRING ELEMENTS (AXIAL) 
! ------------------------------------------------------------------
! INPUT SPECIFIC ELEMENT TO TYPE 10 
2 
! ------------------------------------------------------------------
! PROPERTY TYPES: 1;1-2 story, 2;3 story 
1 9679.6 0.01 1317.70 1317.70 1.0 2 40.95 
-1.0 -1.0 1.0 1.0 11.9 11.9 -1.0 0.5 0.5 0.5 
2 7575.4 0.01 1031.40 1031.40 1.0 2 40.95 
-1.0 -1.0 1.0 1.0 11.8 11.8 -1.0 0.5 0.5 0.5 
! ------------------------------------------------------------------
! ELEMENT GENERATION COMMANDS 
1 0110 0210 1 
2 0130 0230 1 
3 0210 0310 1 
4 0230 0330 1 
5 0310 0410 2 
6 0330 0430 2 
! ****************************************************************** 
*ELEMENTGROUP 
Group 4 
! ------------------------------------------------------------------
! DEFINE CONNECTION (CONCRETE CONNECTION MODEL) SHEAR PROPERTY OF WALL 
10 1 2 SPRING ELEMENTS (INELASTIC SHEAR) 
! ------------------------------------------------------------------
! INPUT SPECIFIC ELEMENT TO TYPE 10 
2 
! ------------------------------------------------------------------
! PROPERTY TYPES 
1 39439.3 0.15 1081.20 1081.20 1.0 1 41.00 
336.1 336.1 1.30 1.30 1.0e02 1.0e02 -1.0 0.5 0.5 0.5 
2 39439.3 2.0e-2 1.0e 15 1.0e 15 1.0 1 0 
! ------------------------------------------------------------------
! ELEMENT GENERATION COMMANDS 
1 0120 0121 1 
2 0220 0221 2 
3 0320 0321 2 
! ****************************************************************** 
*ELEMENTGROUP 
186 
Group 5 
! ------------------------------------------------------------------
! DEFINE RIGID COLUMNS 
2 1 2 1.0 COLUMN ELEMENT (SLAB-COLUMN) 
! ------------------------------------------------------------------
! INPUT SPECIFIC TO ELEMENT TYPE 2 
2 0 1 
! ------------------------------------------------------------------
! STIFFNESS TYPES: 1, 1 ~2 story; 2, 3 story 
E SHR Ag Ix kii kjj kij 
1 3605.0 0.02 576.0 12120.0 4.0 4.0 2.0 
2 3605.0 0.02 576.0 7209.0 4.0 4.0 2.0 
! ------------------------------------------------------------------
! YIELD SURF ACE TYPES 
My+ My- Pc Pt 
1 1.5E15 1.5E15 l.OE15 1.0E15 
! -----------------------------------------------------------------
! ELEMENT GENERATION COMMANDS 
1 1121 1222 1 1 1 1 
2 1131 1232 1 1 1 1 
3 1141 1242 1 1 1 1 
4 1221 1322 1 1 1 1 
5 1231 1332 1 1 1 1 
6 1241 1342 1 1 1 1 
7 1321 1422 2 2 1 1 
8 1331 1432 2 2 1 1 
9 1341 1442 2 2 1 1 
! ****************************************************************** 
*ELEMENTGROUP 
! Group 6 
! ------------------------------------------------------------------
! DEFINE RIGID COLUMNS 
2 1 0 1.0 BEAM ELEMENT (SLAB-COLUMN) 
! ------------------------------------------------------------------
! INPUT SPECIFIC TO ELEMENT TYPE 2 
2 0 1 
! ------------------------------------------------------------------
! STIFFNESS TYPES 
1: Interior Connection, 2: Exterior Connection 
E SHR Ag Ix kii kjj kij 
1 3605.0 0.02 2301.0 13505.0 4.0 4.0 2.0 
2 3605.0 0.02 3476.0 9026.0 4.0 4.0 2.0 
! ------------------------------------------------------------------
! YIELD SURF ACE TYPES 
My+ My- Pc Pt 
1 1.0E15 l.OEI5 l.OEl5 l.OEI5 
! ------------------------------------------------------------------
! ELEMENT GENERATION COMMANDS 
1 121 0 1224 2 1 1 1 
2 1223 1234 1 1 1 1 
3 1233 1244 1 1 1 1 
4 1243 1250 1 2 1 1 
5 13 10 1324 2 1 1 1 
6 1323 1334 1 1 1 1 
7 1333 1344 1 1 1 1 
8 1343 1350 1 2 1 1 
9 1410 1424 2 1 1 1 
10 1423 1434 1 1 1 1 
11 1433 1444 1 1 1 1 
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12 1443 1450 1 2 
! ****************************************************************** 
*ELEMENTGROUP 
! Group 7 For DAMAGE INDEX CALCULATION 
! ------------------------------------------------------------------
! DEFINE CONNECTION (CONCRETE CONNECTION MODEL) SHEAR PROPERTY OF WALL 
10 1 2 COLUMN ROTATION SPRING (S-C) 
! ------------------------------------------------------------------
! INPUT SPECIFIC ELEMENT TO TYPE 10 
1 
! ------------------------------------------------------------------
! PROPERTY TYPES: BOTTOM ROTATIONAL SPRING 
1 0.5E08 7.13E-4 12062.3 12062.3 1.0 3 40.90 
6031.2 6031.2 1.0 1.0 1.Oe02 1.Oe02 1.0 0.5 0.5 0.5 
! ------------------------------------------------------------------
! ELEMENT GENERATION COMMANDS 
I 1120 1121 1 
2 1130 1131 1 
3 1140 1141 1 
! ********************************~********************************* 
*ELEMENTGROUP 
Group 8 
! ------------------------------------------------------------------
! DEFINE CONNECTION (CONCRETE CONNECTION MODEL) SHEAR PROPERTY OF WALL 
10 I 2 COLUMN ROTATION SPRING (S-C) 
! ------------------------------------------------------------------
! INPUT SPECIFIC ELEMENT TO TYPE 10 
3 
! ------------------------------------------------------------------
! PROPERTY TYPES 
1:lst story, 2:2nd story, 3: 3rd story 
I 0.5E08 7.13E-4 12062.3 12062.3 1.0 3 40.90 
6031.2 6031.2 1.0 1.0 1.0e02 1.0e02 1.0 0.5 0.5 0.5 
2 0.5E08 7.13E-4 11664.6 11664.6 1.0 3 40.90 
5832.3 5832.3 1.0 1.0 1.0e02 1.0e02 1.0 0.5 0.5 0.5 
3 0.5E08 4.24E-4 7050.2 7050.2 1.0 3 40.90 
3525.1 3525.1 1.0 1.0 1.0e02 1.0e02 1.0 0.5 0.5 0.5 
! ------------------------------------------------------------------
! ELEMENT GENERATION COMMANDS 
I 1222 1220 1 
2 1232 1230 1 
3 1242 1240 1 
4 1220 1221 2 
5 1230 1231 2 
6 1240 1241 2 
7 1322 1320 2 
8 1332 1330 2 
9 1342 1340 2 
10 1320 1321 3 
11 1330 1331 3 
12 1340 1341 3 
13 1422 1420 3 
14 1432 1430 3 
IS 1442 1440 3 
! ****************************************************************** 
*ELEMENTGROUP 
! Group 9 
! ------------------------------------------------------------------
! DEFINE CONNECTION (CONCRETE CONNECTION MODEL) 
188 
10 1 2 BEAM ROTATION SPRING (S-C) 
! ------------------------------------------------------------------
! INPUT SPECIFIC ELEMENT TO TYPE 10 
1 
! ------------------------------------------------------------------
! PROPERTY TYPES: Interior Connection 
1 0.5E08 3.25E-4 8520.0 11800.0 1.0 3 4 0.90 
4260.0 7400.0 1.0 1.0 1.0e02 1.0e02 1.0 0.5 0.5 0.5 
! ------------------------------------------------------------------
! ELEMENT GENERATION COMMANDS 
1 1224 1220 1 
2 1220 1223 1 
3 1234 1230 1 
4 1230 1233 1 
5 1244 1240 1 
6 1240 1243 1 
7 1324 1320 1 
8 1320 1323 1 
9 1334 1330 1 
10 1330 1333 1 
11 1344 1340 1 
12 1340 1343 1 
13 1424 1420 1 
14 1420 1423 1 
15 1434 1430 1 
16 1430 1433 1 
17 1444 1440 1 
18 1440 1443 1 
! ****************************************************************** 
*ELEMENTGROUP 
Group 10 
! ------------------------------------------------------------------
! DEFINE CONNECTION (RIGID LINK) 
1 0 0 RIGID LINK (BETWEEN WALL & S-C) 
! ------------------------------------------------------------------
! INPUT SPECIFIC ELEMENT TO TYPE 10 
1 
! ------------------------------------------------------------------
! PROPERTY TYPES 
1 3605 0.01 1.0E 10 1.0E 15 1.0E 15 0 
! ------------------------------------------------------------------
! ELEMENT GENERATION COMMANDS 
1 0220 1210 1 
2 0320 1310 1 
3 0420 1410 1 
! ****************************************************************** 
! DEFINE INTERSTORY DRIFT RATIOS AS GENERALIZED DISPLACEMENTS 
! STORY HEIGHT = 156 IN; 11156=0.006410 
! ------------------------------------------------------------------
*GENDISP 
0210 1 0.006410 
0110 1 -0.006410 
FIRST STORY DRIFT 
! ------------------------------------------------------------------
*GENDISP 
0310 1 0.006410 
0210 1 -0.006410 
SECOND STORY DRIFT 
! ------------------------------------------------------------------
*GENDISP 
0410 1 0.006410 THIRD STORY DRIFT 
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0310 1 -0.006410 
! ****************************************************************** 
*NODALOAD 
! -----------------------------------------------------------------
! DEFINE NORMALIZED EQ. LOAD PATTERN 
PONT VERTICAL LOAD PATTERN 
! ------------------------------------------------------------------
! Using NEHRP 1994 vertical distribution 
S 0.0 -69.33 0.0 0210 0410 100 
S 0.0 -138.65 0.0 0220 0420 100 
S 0.0 -69.33 0.0 0230 0430 100 
S 0.0 -54.85 0.0 1210 1410 100 
S 0.0 -109.69 0.0 1220 1420 100 
S 0.0 -109.69 0.0 1230 1430 100 
S 0.0 -109.69 0.0 1240 1440 100 
S 0.0 -54.85 0.0 1250 1450 100 
! ****************************************************************** 
*ELEMLOAD 
! DEFINE FIXED END FORCE PATTERNS TO BE USED. PATTERNS ARE DEFINED 
! FOR UNIT LOAD V ALUES. PATTERNS ARE SCALED LATER TO REFLECT ACTUAL 
! LOADING. 
! FIXED END FORCES DEFINED BELOW BASED ON I,J FROM LEFT TO RIGHT AND 
! LOADS ACTING DOWN. 
!.ALL LOAD ARE I.ODL + 1.0LL. .... 
! ------------------------------------------------------------------
! PATTERN NAME 
GRLD GRAVITY LOAD PATTERNS 
! ------------------------------------------------------------------
! ELEMENT GROUP 
!..DISTRIBUTED LOAD CONVERTED TO END FORCES ... 
G 6 1 
! ------------------------------------------------------------------
! LOADS SETS DEFINE FIXED END FORCES (L = 240 IN) 
COORD.CD LLRF Pi Vi Mi Pj Vj Mj 
1 0 1.0 0.0 51.10 3830.6 0.0 51.10 -3830.6 
! ------------------------------------------------------------------
! LOADED ELEMENTS AND LOAD SET SCALE FACTOR 
ASSIGN FIXED END FORCE PATTERNS TO ELEMENTS AND SCALE. 
FE LE INC LSET S_FACTOR 
1 12 1 1 1.0 
! 1\1\1\1\1\1\1\1\1\1\1\1\1\1\1\1\1\1\1\/\ DON'T FORGET BLANK LINE ABOVE 1\1\1\1\1\1\1\1\1\1\1\1\1\1\/\ 
! ****************************************************************** 
! ------------------------------------------------------------------
*ACCNREC 
! SPECIFY GROUND ACCELERATION RECORD 
! NOTE: CANNOT READ IN AS FREE-FORMAT (*) IF THERE IS A LABEL IN DATA FILE 
INDICATING UNITS. MUST USE FORMAT STATEMENT. 
! SAC=SAC GROUND MOTION 
!==> TARGETl... 
SAC 1a32.th (6 e13.5) GROUND MOTION 
!tnac nacl d_cd p_cd t_sfac a_sfac t-intval s-time 
!==> TARGET... 0.394*0.83 
3000 6 0 0 0.32700 0.01 0.01 
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! ----------------------------------------------------------------
! ****************************************************************** 
*p ARAMETERS 
! -----------------------------------------------------------------
! OUTPUT INTER V ALS FOR STATIC ANALYSIS 
PRINT OUT ENVELOPES AT LARGE INTERVALS AND AT END OF ANALYSIS. 
OS 0 0 1 05000 
! ****************************************************************** 
*GRAV GRAVITY LOAD ANALYSIS 
! -----------------------------------------------------------------
E GRLD 
N PONT 
! ****************************************************************** 
*p ARAMETERS 
sfae _alpha sfae _beta 
VS 1.961733 0.001202 
! SPECIFY INFO NEEDED FOR DYNAMIC ANALYSIS (RESPONSE AT EACH TIME STEP) 
OD O. 0 O. 1 0 O. 9999 O. 
! TURN OFF OPTIONS TO CORRECT VEL AND ACCEL (PER USER MANUAL RECOMMENDATION) 
DC 1 0 0 -;1-100 
! TIME STEP PARAMETERS 
DT 0.01 
! ****************************************************************** 
*ACCN DYNAMIC ANALYSIS OF BUILDING 
! ------------------------------------------------------------------
! NOTE: ELCENTRO RECORD DATA FILE IN UNITS OF inlsls STRUCTURE UNITS ARE 
INCHES AND SECONDS. MUST SCALE RECORD BY (1.0) 
time rnxsp ted 
30.003000 1 
AeeeSF TimeSF 
SAC 1.0000 1.0 
! ****************************************************************** 
*STOP 
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